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ABSTRACT  
Selenium (Se) is an essential micronutrient involved in important metabolic functions 
for all vertebrate species. As Se is reported to have a narrow margin between essentiality 
and toxicity, there is growing concern surrounding the adverse effects of elevated Se 
exposure caused by anthropogenic activities. Recent studies have reported that elevated 
dietary exposure of fish to selenomethionine (Se-Met) can alter aerobic metabolic 
capacity, energetics and swimming performance. My thesis aimed to further investigate 
mechanisms of sublethal Se-Met toxicity, particularly potential underlying cardiovascular 
implications of chronic exposure to environmentally relevant concentrations of dietary 
Se-Met in adult zebrafish (Danio rerio) and juvenile (yearling) rainbow trout 
(Oncorhynchus mykiss). In my first experiment, adult zebrafish were fed either control 
food (1.1 μg Se/g dry mass [d.m.]) or Se-Met spiked food (10.3 or 28.8 μg Se/g d.m.) for 
90 d at 5% body weight per day. In the second experiment, juvenile rainbow trout were 
fed either control food (1.3 μg Se/g d.m.) or Se-Met spiked food (6.4, 15.8 or 47.8 μg 
Se/g d.m.) for 60 d at 5% body weight per day. Following exposure, ultrahigh resolution 
B-mode and Doppler ultrasound was used to characterize cardiac function. Chronic 
dietary exposure to elevated Se-Met had opposing results in zebrafish when compared to 
the rainbow trout.  Zebrafish exposed to the highest dietary concentrations of Se-Met 
(28.8 μg Se/g d.m.) had significantly reduced ventricular contractile rate, stroke volume, 
and cardiac output, while Se-Met exposed rainbow trout had significantly greater stroke 
volume, ejection fraction, and cardiac output.  
Following ultasonography, energy stores were measured via whole body (zebrafish) 
and liver, heart and muscle (rainbow trout) glycogen and triglyceride concentrations. 
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Zebrafish in the highest exposure group were observed to have greater whole body 
glycogen concentrations when compared to the control group, while rainbow trout 
exposed to Se-Met concentrations greater than 15.8 μg Se/g showed significant increases 
in both glycogen and triglycerides in liver relative to the control group. In addition, 
rainbow trout in the highest exposure group had significantly reduced capability of 
managing blood glucose levels as was evident after 48hrs in a glucose tolerance test. 
Exposure to Se-Met significantly decreased mRNA expression of a key cardiac 
remodelling enzyme, matrix metalloproteinase 2 (MMP2), in adult zebrafish heart, 
however significantly increased it (MMP9) in rainbow trout heart. Selenomethionine  
significantly increased echodensity at the junction between atrium and ventricle in 
zebrafish, and these results combined with increased MMP2 expression are consistent 
with cardiac remodelling and fibrosis. However, rainbow trout did not show any fibrosis 
and also had a significant decrease in SERPINH mRNA abundance, a molecular 
chaperone essential for the post-translational folding of fibril-forming collagens. This, 
taken together with the increase in MMP9, suggests an anti-fibrotic response in the 
rainbow trout heart, compared to the fibrosis seen in the zebrafish, which could help 
explain why there were opposing cardiovascular results. Due to the anti-fibrotic response 
in rainbow trout, the heart was apparently able to pump blood more effectively leading to 
the increase in stroke volume, ejection fraction, and cardiac output observed.  
The results of this study suggest that chronic exposure to dietary Se-Met can impact 
cardiac function, energy homeostasis and cause cellular perturbations, and such 
physiological consequences could reduce the aerobic capacity and survivability of fish. 
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The varying results seen could be attributed to species sensitivity differences or perhaps 
due to the cold vs warm water fish selenium sensitivity.  
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NOTE TO READERS 
 
 
This thesis was prepared in a manuscript style, and will therefore have some 
redundancies across sections of research chapters. To reduce these redundancies, specific 
descriptions of methods and statistics are found in their respective chapters. Chapter 1 is 
a general introduction, and chapters 2-3 are written in the style of publishable 
manuscripts. Chapter 4 serves as a summary and conclusion to the overall thesis. Chapter 
2 of this thesis was published in Toxicological Sciences in October 2017, and chapter 3 
has been submitted to Aquatic Toxicology and is in review. To avoid redundancies in 
citation lists, all citations have been provided in a combined section at the end of this 
thesis.  
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CHAPTER 1 
1.0 GENERAL INTRODUCTION  
Selenium (Se) is an essential micronutrient, involved in important metabolic 
functions for all vertebrate species. As it is reported to have a narrow margin between 
deficiency and toxicity (Janz et al., 2010), there is growing concern surrounding the 
adverse effects of elevated Se exposure. Early life stages of oviparous vertebrates, 
especially fishes, are highly susceptible to increased dietary Se supplementation (Hopkins 
et al., 2004; Thomas and Janz, 2011; Ohlendorf et al., 2011; Janz 2012). Selenium 
naturally enters aquatic environments in relatively low concentrations, providing fish and 
other aquatic organisms with adequate levels needed to maintain normal metabolic 
functions (Maher et al., 2010). However, anthropogenic activities such as coal, phosphate 
and uranium mining, as well as fertilizer use and coal-fired power plants cause elevated 
Se levels in aquatic environments (Maher et al., 2010; Janz et al., 2010). Using Danio 
rerio as a model test organism, a large body of evidence has shown that elevated dietary 
exposure to selenomethionine (Se-Met), the primary form of Se in the diet, can alter 
metabolic capacity, energy homeostasis, swimming performance and cause a greater 
incidence of juvenile deformities and mortalities (Tashjian et al., 2007; Thomas and Janz, 
2011; McPhee and Janz, 2014). Conversely, there is a lack of laboratory research 
investigating the potential cardiovascular effects of elevated Se exposure. The overall 
objective of my thesis research is to investigate mechanisms of cardiovascular and 
metabolic dysfunction in fishes. 
 
 
 2 
1.1 Selenium  
Selenium (Se) is a metalloid element with the atomic number of 34 and a mass of 
78.96. In the periodic table Se is in the same chalcogen group as oxygen, suphur, 
tellurium, and polonium, and is the 66th richest element in the earth’s crust, with the 
greatest concentrations in cretaceous sedimentary rocks (Greenwood and Earnshaw, 
1997; Presser et al., 2004).  
1.1.1 Sources of selenium 
Selenium is found across the globe and has varying concentrations throughout 
different regions depending on their geological structures (Maher et al., 2010). Selenium 
is commonly found in areas of sedimentary rock depositions, in particular phosphate, 
black shale and coal deposits (Presser et al., 2004; Maher et al., 2010). It enters the 
environment through natural weathering, biogeochemical processes and atmospheric 
deposition (Nriagu, 1989), however these contributing concentrations are considered 
minor compared to the role of anthropogenic activities (Maher et al., 2010).  Petroleum 
refineries, mining and agricultural industries, as well as coal-fired power plants are all 
areas of economic importance that can greatly exacerbate the loading of Se into the 
environment by manufacturing waste by-product generation (Lemly, 2004; Maher et al., 
2010; Janz, 2012). The adverse effects that high Se exposures can have on species health 
are well documented in laboratory experiments and are evident in numerous case studies, 
such as the Kesterson disaster. In the mid-80s, thousands of birds and fish were found 
severely deformed or dead in the Kesterson National Wildlife Refuge, following large-
scale bioaccumulation of Se from agricultural runoff (Presser, 1994). This had huge 
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environmental ramifications, including the abandonment of 100,000 acres of once 
irrigated farmland in the San Joaquin Valley (Moore et al., 1990).  
1.1.2 Selenium in aquatic environments  
Selenium is a complex micronutrient that exists in one of four oxidation states: Se(-
II), Se(0), Se(IV) and Se(VI) (Elrashidi et al., 1989). These compounds are found in both 
organic and inorganic forms. Under oxidizing conditions, Se forms multifaceted 
inorganic complexes, selenite (SeO32-) and selenate (SeO42-), which can readily be 
bioaccumulated and biotransformed by primary producers and microorganisms to form 
organic seleno-amino acid compounds, such as selenomethionine (Se-Met) and 
selenocysteine (Se-Cys) (Gladyshev, 2004; Orr et al., 2006). The ease for Se to 
bioaccumulate at the base of the food web is an area of concern as dietary 
organoselenium progresses through consumers at higher trophic levels, who integrate 
these seleno-amino acids into proteins, resulting in high concentrations of Se in upper 
predatory species, including fish (Furr et al., 1979; Hamilton, 2004). Selenium toxicity 
can have varying ecological effects depending on the hydrological, geological, and food 
web structure (Orr et al., 2006), and although controlled lab studies can contribute to the 
overall understanding, they are often unable to translate laboratory results to real 
ecosystem results (Landis and Yu, 1995). Past case studies such as the Kesterson 
Reservoir disaster, Belews Lake tragedy, the Hyco Reservoir and the Sweitzer Lake 
contamination (Baumann, 1986; Presser, 1994; Lemly, 2002) have helped shed light on 
the real environmental ramifications Se poisoning can have on aquatic organisms.   
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1.1.3 Selenium biochemistry  
Selenium is known to be essential for proper metabolic functioning in all vertebrate 
species. Its essentiality was first recognized by the work of Schwarz and Foltz (1957), 
and has since gained a lot of attention due to its presence in important selenoproteins such 
as glutathione peroxidases, thioredoxin reductases, and iodothyronine deiodinases 
(Lobanov et al., 2009; Gladyshev, 2012).  Organisms in all three domains of life 
(eukaryotes, archaea, and eubacteria) utilize trace amounts of Se for the synthesis of 
selenoproteins (Xu et al., 2012). There are 23-25 known selenoproteins in mammals, 
while fishes possess one of the largest selenoproteomes with 30-37 known selenoproteins 
(Lobanov et al., 2009). Although the majority of these selenoproteins have unknown 
functions, the oxidoreductase enzymes mentioned above are some of the few that have 
been described (Janz et al., 2010). Using a reduced glutathione substrate, glutathione 
peroxidases (GPx) are highly efficient antioxidant enzymes that have a pivotal role in the 
reduction of lipid and hydrogen peroxide compounds (Baker et al., 1993; Bartoskova et 
al., 2014). In comparison, thioredoxin reductases are not only involved in resisting 
oxidative stress and maintaining the overall reducing environment of the cell, but also 
have a role in protein repair and DNA synthesis (Gladyshev, 2012). By removing specific 
iodine moieties, iodothyronine deiodinases convert thyroxine (T4) to active 
triiodothyronine (T3) and have vital metabolic roles, including thermogenesis, hearing 
and growth (Papp et al., 2007). Selenoprotein P is another well-documented selenoprotein 
and is estimated to bind 50% of the plasma Se, acting as the primary Se transport protein 
(Papp et al., 2007; Gladyshev, 2012).  
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The majority of Se exposure occurs through the diet via its organic form, 
selenomethionine (Se-Met) which easily bioaccumulates in aquatic food webs (Fan et al., 
2002). Se-Met is biotransformed into selenide (Se2-), which is then phosphorylated by 
selenophosphate synthetase and incorporated into desired selenoproteins via the 
selenocysteinyl-tRNA insertion sequence and the UGA codon (Suzuki and Ogra, 2002; 
Gladyshev et al., 2012). Due to the structural similarity between Se-Met and the amino 
acid methionine, Se-Met can avoid biotransformation and be directly integrated into any 
methionine-containing protein (Suzuki and Ogra, 2002). Because of this, we see in a 
dose-dependent manner increasing concentrations of Se-Met in tissues with high rates of 
protein synthesis including the liver, kidney, skeletal muscle, gonads as well as 
erythrocytes (Schrauzer, 2000). Given the antioxidant properties of Se, one would think 
increased concentrations would be beneficial, however excessive levels of Se-Met may 
actually compromise cellular redox homeostasis (Suzuki and Ogra, 2002).  
1.1.4 Mechanisms of selenium toxicity  
Several mechanisms have been proposed by which Se exerts its toxic effects, 
however only two hypotheses have ultimately gained support. The first proposed 
mechanism is based on the shared chemical similarities between sulphur and Se, thus 
giving Se the ability to substitute for sulphur during protein synthesis in a random manner 
(Maier and Knight, 1994). It is argued that this disrupts the disulfide S-S linkages and 
consequently alters the tertiary structure of the protein, potentially impairing its 
enzymatic activity (Sunde, 1984; Martinez et al., 2011). This hypothesis has however 
been contested as both methionine and selenomethionine have a terminal methyl group in 
their structure, thus preventing covalent bridge formation, and therefore having very 
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minimal influence on overall tertiary structure of a protein (Janz et al., 2010). For this 
reason alone it is unlikely that improper protein folding due to Se substitution is the 
mechanism behind Se toxicity. 
The second, and more accepted hypothesis for Se-induced toxicity is due to oxidative 
stress (Palace et al., 2004; Janz et al., 2010) associated with glutathione homeostasis and 
its role as an intracellular antioxidant. Under normal conditions, glutathione peroxidases 
help maintain the overall reducing environment of the cell and prevent the formation of 
reactive oxygen species (ROS). The theory is that with increasing Se concentrations, 
there is a depletion of reduced glutathione, which leads to the production of ROS. This 
induces toxic effects including DNA and protein oxidation, lipid peroxidation and 
cellular apoptosis (Spallholz, 1994; Misra and Niyogi, 2009). Selenium metabolism leads 
to the formation of redox reactive intermediates, which react with glutathione and 
generate toxic hydrogen peroxide, superoxide anions and hydroxyl radicals (Spallholz et 
al., 1994; Spallholz et al., 2001). Moreover, the biotransformation of Se-Met to the highly 
nucleophilic and cytotoxic methylselenol further contributes to oxidative stress 
(Fernandes et al., 2012). This theory seems to be more plausible than its predecessor 
however, glutathione peroxidase may also play a role in the mechanisms behind Se 
toxicity. With increasing Se-Met concentrations, we see a dose-dependent increase in the 
concentrations of GPx, until it reaches a plateau. Following this, excess Se-Met is 
incorporated in a non-specific manner into proteins. Overexpression of GPx in mouse 
models leads to a massive increase in beta-cell mass, body fat content and the 
development of insulin resistance (McClung et al., 2004), potentially further contributing 
to adverse cardiovascular effects of Se toxicity.  
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1.1.5 Toxicological effects of selenium on oviparous species  
A large body of research has recently been focusing on the toxicity of Se and its 
impact on aquatic biota. It is now well known that Se is extremely toxic to oviparous fish 
species, and can negatively impact the sustainability of wild fish populations (Maier and 
Knight, 1994; Skorupa, 1998). Following mercury, Se is considered as the second most 
toxic trace element to oviparous vertebrates (Luoma and Presser, 2009). Recent studies 
have reported that elevated dietary exposure of fish to Se-Met, the primary form of Se in 
the diet, can alter metabolic capacity, energy homeostasis, swimming performance and 
cause a greater incidence of early life stage deformities and mortality (Holm et al., 2005; 
Tashjian et al., 2007; Thomas and Janz, 2011; Thomas et al., 2013; McPhee and Janz, 
2014). The most important toxicological effects of Se in fish arise from maternal transfer 
to embryos (Janz et al., 2010). Following exposure to elevated levels, maternal transfer of 
Se-enriched vitellogenin to developing oocytes leads to larval Se exposure during yolk 
resorption (Lemly, 1997; Janz, 2012). This exposure leads to numerous developmental 
deformities in juveniles such as spinal curvatures, craniofacial deformities, missing or 
deformed fins, and various forms of edema (pericardium or yolk sac edema) (Janz et al., 
2010). Although not all deformities equally affect fish population viability, the consensus 
is that vertebral deformities are considered the most devastating as they affect the fishes’ 
ability to swim to obtain food, find a mate or avoid predation (Koumondourous et al., 
2002). Se-induced deformities and mortalities are also common amongst birds, however 
unlike fish, the maternal transfer of Se-containing proteins is in the albumin not yolk sac 
(Janz et al., 2010). This again causes significant embryonic deformities such as 
malformed bills, limb deformities and reduction/absence of eyes (Ohlendorf et al., 1998). 
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1.2 Danio rerio as a Model Organism – Experiment # 1  
Danio rerio, commonly known as the zebrafish, has been accepted as a useful model 
organism for many areas of research. Native to the Himalayan regions, they commonly 
inhabit slow moving streams, canals, ponds or stagnant water bodies (Spence et al., 
2007). Named for its resemblance to the zebra, Danio rerio have five uniform, horizontal 
blue stripes on the side of their body, which extend to the end of the caudal fin. They are 
currently being used to investigate a great deal of vertebrate biology including 
cardiophysiology, pharmacology, immunology, toxicology, developmental biology, 
genetics and many more areas. The zebrafish have a number of features that make them a 
model organism and there are numerous standardized protocols available to raise these 
fish in a controlled laboratory experimental setting (Westerfield, 1995; Brand et al., 
2002). Zebrafish have a very short life cycle, reaching sexual maturity in less than three 
months and are capable of producing mass quantities of eggs in a single spawning event 
(Hill et al., 2005; Heiden et al., 2009). While rodents have only 5-10 offspring per 
pairing, zebrafish can produce upwards of 200-300 eggs in a single spawning event (Hill 
et al., 2005). In addition, the optical transparency of zebrafish embryos makes them easy 
to visualize and image organ developmental processes. This is also helpful for 
histochemical and morphological analysis (Hill et al., 2005; Berry et al., 2007; Vogt et 
al., 2009).  Large-scale molecular information is also available as the entire zebrafish 
genome has been sequenced and annotated. Zebrafish share approximately 70 percent of 
protein-coding human genes, including roughly 84 percent of genes known to be 
associated with human diseases (Howe et al., 2013). This genetic similarity allows for 
great insight into the progression and development of human diseases. Normal heart 
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morphology and cardiac function have also been well documented in vitro as well as in 
vivo (Ho et al., 2002; Sun et al., 2008). In addition, electrophysiological studies have 
revealed that adult zebrafish have similar action potentials as humans, making them a 
suitable model for studying cardiac arrhythmias (Milan et al., 2006). Finally, zebrafish 
are small in size allowing for relative ease in handling and minimal space required for 
housing. For all the above reasons, zebrafish are an extremely useful model organism for 
research. 
1.3  Oncorhynchus mykiss as a Model Organism – Experiment # 2  
Oncorhynchus mykiss, commonly known as the rainbow trout, is a freshwater 
member of the Salmonidae family and are currently being used to investigate a great deal 
of vertebrate biology, including toxicology, pharmacology, carcinogenesis, disease 
ecology, genetics, immunology and many more areas. There are again numerous 
standardized protocols available to raise these fish in a controlled laboratory experimental 
setting and they have a number of features that make them a model organism. Extensive 
information has been collected for this species as it has long been cultivated for food and 
been considered as a sport fish. Their relatively large size compared to the zebrafish and 
other small model organisms allows for greater tissue harvesting and for non-terminal 
blood extraction (Thorgaard et al., 2002). Rainbow trout are widely distributed across 
North America, have great commercial importance and are known to be sensitive to the 
effects of environmental pollutants (Rand, 1995). They are closely related to the Salmo 
genera and are considered ideal in research as a proxy for economically and ecologically 
important species, such as Atlantic salmon (Salmo salar) (Thorgaard et al., 2002).  Large-
scale molecular information is also available through extensive characterization of their 
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genome over the years (Thorgaard et al., 2002). Moreover, Environment Canada and the 
United States Environmental Protection Agency (USEPA) currently uses the rainbow 
trout as a regulatory indicator for acute freshwater toxicity (Thorgaard et al., 2002) and 
they are therefore considered as an important bio-indicator of ecosystem health.  
1.4  Endpoints and Biomarkers  
Chronic exposure to contaminants can disturb several components of an organism’s 
physiological processes. By studying these physiological changes, one can determine 
mechanisms of toxic action that lead to adverse outcomes on organismal health. 
1.4.1 Cardiovascular implications  
In contrast to the mammalian heart, the fish heart consists of only two chambers, a 
single atrium and a single ventricle. The closed circulatory system sees blood flowing 
from the sinus venosus, through the atrium and ventricle, then directed towards the gills 
for oxygenation via the bulbous arteriosus (Hu et al., 2001). Depending on their 
cardiovascular demands, different teleosts can have different ventricular shapes. 
Sedentary, less active organisms usually have tubular or saccular ventricles while more 
active teleosts, such as zebrafish and trout generally have pyramidal ventricles (Sanchez-
Quintana et al., 1995). The distinctive ventricles have different organization of the 
myocardial fibres, playing a major role in the heart’s oxygen supply. Pyramidal ventricles 
have a mixed myocardium, with multiple layers of compact tissue (compact layer) and a 
single inner layer known as the spongy (trabeculated) layer. This is in contrast to tubular 
and saccular ventricles consisting of only a single spongy layer. This allows pyramidal 
ventricles to receive oxygen from venous blood in the spongy layer, in addition to 
oxygenated blood from the compact layer via coronary arteries (Sanchez-Quintana et al., 
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1995). This is compared to myocardium consisting of only trabeculated ventricles, where 
the only oxygen supply to the heart is by deoxygenated venous blood (Olson and Farrell, 
2006).  
Although it is known that chronic Se exposure can affect metabolic capacity, energy 
homeostasis and swimming performance in zebrafish (Janz et al., 2010; Thomas and 
Janz, 2011; Thomas et al., 2013), the underlying cardiovascular implications have yet to 
be explored. Cardiac activity is regulated in response to changes in oxygen supply and 
demand, and previous studies (Lemly, 1993; Scott and Sloman, 2004; Thomas and Janz, 
2011) have shown that the oxygen consumption (MO2) of fish exposed to Se were 
consistently greater than that of control fish. The measurements of MO2 serve as an 
important indicator of metabolic capacity and aerobic performance of fish, and alterations 
to these values could be attributed to impaired aerobic performance (MacKinnon and 
Farrell, 1992). With an increase in oxygen demand, one would expect to see an increase 
in cardiac output, allowing the fish to receive sufficient amounts of blood, nutrients and 
oxygen. Previous exposure studies have however shown the opposite trend. Zebrafish 
exposed to beta-naphthoflavone (BNF) had an increase in oxygen consumption, a 
decrease in swim performance but a significant decrease in cardiac output, suggesting 
impaired cardiac function (Gerger et al., 2015).  
A number of different parameters can be measured to quantify fish heart function and 
comparing these values to contaminant-exposed fish can help elucidate potential 
mechanisms of Se toxicity (Sun et al., 2008; Gerger et al., 2015; Nair et al., 2016). By 
investigating atrial versus ventricular contractile rates in fish hearts, we can look for 
evidence of electrical abnormalities through the atrioventricular (AV) node. A reliable 
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way to investigate this involves looking at the atrial to ventricular contraction ratio. In a 
normal healthy heart, the atrium sends a wave of electrical excitation to the ventricle, thus 
causing every atrial contraction to be followed by a ventricular contraction. This should 
therefore produce an AV contraction ratio close to 1, and any abnormalities could be 
indicative of conduction dysfunction. If the ratio is greater than 1, this could suggest 
toxicant-induced AV conduction blockade, potentially making the heart vulnerable to 
more lethal arrhythmias. As the AV node is known to be susceptible to disruptions caused 
by oxidative stress, the link between Se and the electrical activity in the heart is of great 
interest. 
 In the past, histological analysis on fixed zebrafish hearts provided morphological 
information, however gave little insight on specific functionality (Hu et al., 2001).  
Rudimentary zebrafish heart function can be evaluated only at the earliest developmental 
stages when the embryo or larvae is still transparent using microscopic visualization of 
the heart (Incardona et al., 2011; Corrales et al. 2014). However, assessing cardiac or 
vascular function in juvenile and adult fish requires more advanced techniques. At the 
cost of having to sacrifice the test subject, previous studies on rainbow trout and a variety 
of sunfish (Lepomis) species have used invasive methods to surgically implant probes to 
characterize blood flow (Cooke et al., 2010; Gamperl et al., 2012). While these methods 
were successful in providing information on blood velocity and cardiac output, a new 
technology known as high frequency ultrasound has proven to be an accurate, non-
invasive method to evaluate fish cardiac function (Sun et al., 2008). 
1.4.2 Ultrasound biomicroscopy  
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The use of zebrafish and rainbow trout as model organisms for cardiovascular studies 
continues to grow, and the technology surrounding it has dramatically improved over the 
past decade. As the zebrafish heart has structural similarity to the mammalian heart, it 
serves as an excellent model for experimental studies (Weinstein and Fishman, 1996). 
The optical transparency and external organ development in zebrafish embryos allow for 
great visualization in their early development. This however, is limited to juvenile 
zebrafish as the opacity of adults requires the use of high spatial resolution technology to 
visualize cardiovascular functions. High frequency ultrasound bio-microscopy has proven 
to be an accurate, non-invasive method to visualize fish cardiac function in vivo. This 
new technology allows for real-time detailed imaging of cardiac structures at a spatial 
resolution of 30μm and quantitative evaluation of the cardiovascular system by B-mode 
structural visualization and pulsed-wave Doppler blood flow measurements (Sun et al., 
2008). This non-invasive technique provides the means to evaluate and quantify the 
function, valve movement and blood flow of major vessels, including the ventricle, 
atrium, sinus venosus and bulbus arteriosus. High-frequency ultrasound can also be used 
to assess the progression of cardiovascular pathologies such as diastolic dysfunction, 
vessel stenosis and fibrosis.  
In order to evaluate overall cardiovascular function, numerous cardiac endpoints will 
be quantified in my thesis research. Among these include: heart rate, stroke volume, 
cardiac output, ejection fraction, Doppler ejection velocity, and ventricular and atrial 
contractile rate. These measurements will give insight into any cardiovascular effects Se 
exposure may affect.   
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1.4.3 Oxidative stress  
As previously mentioned, the leading hypothesis surrounding the ability of Se to exert 
its toxic effects results from Se-induced oxidative stress. Selenium metabolism leads to 
the formation of redox reactive intermediates, which react with glutathione and generate 
toxic hydrogen peroxide, superoxide anions and hydroxyl radicals (Spallholz et al., 1994; 
Spallholz et al., 2001). When the production of these toxic reactive oxygen species (ROS) 
overwhelms the endogenous cellular antioxidant defense mechanisms, oxidative stress 
will occur. The damage caused by ROS can include lipid peroxidation, DNA oxidation, 
proteolysis and cellular apoptosis. In order to protect cellular macromolecules from ROS 
damage, organisms have developed numerous antioxidant defense mechanisms, however 
exposure to toxic contaminants can overwhelm their abilities leading to an oxidized 
environment, rather than the desired reduced state. For these reasons, antioxidant 
concentrations can be useful biomarkers of oxidative damage caused by contaminant 
exposure. Evaluating the concentrations of specific antioxidant enzymes such as 
glutathione peroxidase, glutathione-s-transferase, superoxide dismutase, and catalase can 
be functional biomarkers of ROS production. For example, previous studies investigating 
the influence of dietary Se on antioxidant status and oxidative stress-related parameters in 
tilapia (Oreochromis niloticus) and rainbow trout showed a significant decrease in the 
reduced to oxidized glutathione ratio (GSH:GSSG) and an increase in glutathione 
peroxidase activity with increased Se concentrations (Schlenk et al., 2003; Atencio et al., 
2008). Furthermore, loaches (Paramisgurnus dabryanus) exposed to increasing 
concentrations of dietary Se showed a significant increase in superoxide dismutase, 
glutathione peroxidase and catalase activities (Hao et al., 2014).  In addition, as the 
 15 
cardiovascular system is known to be particularly susceptible to oxidative stress, 
investigating antioxidant mRNA abundance can be a useful biomarker of oxidative 
damage caused by contaminant exposure. 
1.4.4 Triglyceride and glycogen Stores  
Triglycerides and glycogen are the key forms of stored energy in fish (Dangé, 1986; 
Tocher, 2003; Thomas and Janz, 2011), and these energy stores are utilized for 
locomotion, growth, reproduction, and detoxification processes. Exposure to 
environmental contaminants has been shown to significantly alter triglyceride and 
glycogen concentrations in fish, and such effects may threaten the overall growth and 
survivability of fish (Dange, 1986; Levesque et al., 2002; Bennett and Janz, 2007). 
Specifically, fish collected from Se-contaminated sites and in controlled laboratory 
experiments have shown significant increases in both glycogen and triglycerides (Bennett 
and Janz, 2007; Wiseman et al., 2011a,b; Thomas and Janz, 2011). Fish survival is highly 
dependent on swimming ability. Food acquisition, predator avoidance, migration and 
mating all rely on adequate swimming performance and any impairment or dysfunction 
can have drastic effects on the individual, potentially leading to overall population and 
ecosystem effects (Scott and Sloman, 2004). Triglycerides are the principal lipids 
contained in fish energy reserves, and are primarily stored in the liver, muscle, visceral 
tissue and gonads (Jobling, 1994). These lipids provide an excellent source of energy for 
sustained and prolonged swimming by the aerobic mobilization of free fatty acids via 
triglyceride β-oxidation (Goertzen et al., 2011). Rats exposed to dietary Se-Met were 
reported to have elevated triglyceride synthesis by increased fatty acid synthase (FAS) 
activity (Mueller et al., 2008). Furthermore, zebrafish and rainbow trout exposed to 
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elevated dietary Se-Met exhibited increased triglyceride levels in liver and muscle tissue 
(Thomas and Janz, 2011; Wiseman et al., 2011b). With these increases in energy storage, 
one would assume the fish would be able to sustain longer physical exertion, allowing it 
to have a greater swimming performance. This however isn’t the case as described by 
Thomas and Janz (2011) and McPhee and Janz (2014). Contrarily to what we would 
assume, these high exposure Se-Met fish with elevated energy stores showed almost a 
50% reduction in swimming performance compared to the control (Thomas and Janz, 
2011).  
While sustained and prolonged swimming is primarily powered by slow oxidative red 
muscle fibers, fueled by triglycerides, swimming speed beyond 80% of their critical 
swimming speed (Ucrit) in fish is powered by fast glycolytic white muscle fibers, which 
comes from the anaerobic catabolism of glycogen (Hammer, 1995; Moyes and West, 
1995). Glycogen is an essential form of energy primarily located in the liver and muscle 
tissue, and functions as the main long-term energy store in fish (Jobling, 1993). The quick 
breakdown of intramuscular glycogen helps provide the fish with the necessary energy 
required for burst swimming (Webb, 1971; Hammer, 1995). Essential for its role in the 
physiological stress response, glycogen can be rapidly metabolized to supply energy for 
activities such as predator avoidance, territorial defense and actively searching for food 
(Webb, 1971; Hammer, 1995). Chronic exposure to environmentally relevant 
concentrations of dietary Se has been demonstrated to cause significantly increased 
glycogen storage in zebrafish and rainbow trout (Thomas and Janz, 2011; Wiseman et al., 
2011b; Thomas et al., 2013). Once again we would presume this to be beneficial, 
allowing the fish to have greater energy reserves to utilize in physically demanding times. 
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But as stated above, these highly exposed fish have significantly reduced swimming 
performance when compared to controls. The increase in energy storage coupled with the 
decrease in aerobic performance leads to the hypothesis that the fish are having 
difficulties accessing their reserves. These changes could also potentially be attributed to 
alterations in enzyme activities involved in energy metabolism. Enzymes of interest to 
investigate include lactate dehydrogenase, phosphofructokinase and citrate synthase; all 
of which have been shown to have altered enzymatic activities following pollutant 
exposures in various fish species (Almeida et al., 2001; Konradt and Braunbeck, 2001).  
For the above reasons, the determination of triglyceride and glycogen concentrations 
can be considered as a useful tool in investigating the overall health and metabolic 
capacity of fish following exposure to toxicants. 
1.4.5 Gene expression biomarkers  
Gene expression measurements of enzymes involved in cardiovascular function and 
energy metabolism can help provide a mechanistic understanding of sublethal toxicities 
faced by organisms inhabiting Se-contaminated aquatic ecosystems. To help elucidate the 
potential mechanisms of metabolic dysfunction, aerobic metabolism enzymes such as 
citrate synthase (CS) and β-hydroxyacyl coenzyme A dehydrogenase (HOAD) could be 
investigated. HOAD is directly involved in the metabolism of triglycerides whereas CS is 
a key enzyme involved in the citric acid cycle. Previous studies have identified altered 
enzyme activities of both CS and HOAD after exposure to stressors (Rajotte and Couture 
2002; Goertzen et al., 2011, 2012). These enzymes could therefore be considered to 
investigate the underlying cellular metabolic effects of dietary Se-Met in adult zebrafish.  
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Considering the potential for Se-induced cardiac dysfunction, markers of interest to 
be investigated include matrix metalloproteinases (MMP), serpin peptidase inhibitor, clad 
H1 (SERPINH1), and sarcoplasmic reticulum Ca-ATPase (SERCA). MMPs are a family 
of proteolytic enzymes with important cardiac and vascular remodeling properties and 
have been shown to be up-regulated in hypertensive patients (Liu et al., 2006; Niemirska 
et al., 2016). SERPINH is a stress inducible protein in the endoplasmic reticulum, plays a 
major role as a molecular chaperone, essential for the post-translational folding of fibril-
forming collagens (Rocnik et al., 2002). Increases in SERPINH concentrations are 
associated with increases in extracellular matrix formation, which can lead to an increase 
in fibrotic diseases (Rocnik et al., 2002). Finally, SERCA is a major component in 
cardiac calcium cycling and reduced levels have been associated with diastolic 
dysfunction in mouse models (Lalli et al., 2001). Coupled with the results from the 
ultrasound biomicroscope, these molecular responses may aid in elucidating the 
underlying mechanisms of the Se toxicity.  
1.4.5 Diabetes  
The link between Se supplementation and the incidence of type 2 diabetes (T2D) has 
been the subject of debate for many years. While past literature indicates that Se 
deficiency may contribute to insulin resistance and the progression of T2D in mammals 
(Kljai and Runje, 2001), and with adequate Se supplementation, the risk of T2D is 
diminished (Park et al., 2012), many other studies have observed the opposite. 
Increasingly, both rodent and human studies suggest an excess of Se may similarly impair 
insulin sensitivity to produce a T2D-like state (Rasekh et al., 1991; McClung et al., 2004; 
Stranges et al., 2007; Bleys et al., 2007; Laclaustra et al., 2010; Wang et al., 2008; 
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Mueller et al., 2008; Mueller et al., 2009; Stranges et al., 2010, 2011; Labunsky et al., 
2011; Zeng et al., 2012; Liu et al., 2012; Wang et al., 2014). Some reactive oxygen 
species are required for proper insulin signaling, but an imbalance caused by excess Se 
toward a more pro-oxidant oxidative stress state is suggested to mediate this change in 
insulin sensitivity, with selenoprotein P and glutathione peroxidase inactivation by ROS 
being key triggers (Steinbrenner, 2013; Wang et al., 2014). In animal models of human 
disease, excess dietary selenium has been shown to impair insulin-regulated carbohydrate 
and lipid metabolism through a mechanism involving reactive oxygen species to produce 
diabetes (Steinbrenner, 2013; Wang et al., 2014). Moreover, prolonged hyperglycemia is 
associated with increased circulating levels of the toxic glucose metabolite, 
methylglyoxal, in mammals (Desai et al., 2010; Adolphe et al., 2012; Kalapos, 2013). 
Methylglyoxal, in turn, is known to promote oxidative stress and is a precursor to 
advanced glycation end products responsible for development of diabetic complications 
such as cataracts (Desai et al., 2010; Kalapos, 2013). This observation agrees well with 
previous studies reporting cataracts in rats exposed to selenite (Shearer et al., 1983) or 
fish from a high Se environment at Belews Lake, North Carolina (Lemly, 2002). 
Selenium has been shown through confocal X-ray synchrotron-based fluorescent imaging 
to preferentially accumulate in the eye lens in zebrafish (Choudhury et al., 2015). In 
addition, adult zebrafish vision has been investigated using behavioural assays, and adults 
fed with Se-Met spiked diets exhibited reduced escape responses and their F1 progeny 
had smaller eyes and fewer positive responses in phototaxis, oculomotor and optokinetic 
response assays (Raine et al., 2016). Glutathione peroxidases (GPX1 and GPX3; both 
selenoproteins) found in the eye (Pirie, 1965) normally protect the lens from oxidative 
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damage (Flohe, 2005), but a previous study reported excess Se caused decreased anti-
oxidants and increased oxidative damage in the eye (Combs and Combs, 1986).  
In fish, even in the absence of overt diabetes, inadequate mobilization of energy 
stores could lead to impaired swimming and cardiovascular impairment. Whether a 
similar link exists between excess selenium, impaired energy mobilization, cardiotoxicity 
and development of impaired glucose control in fish is unclear. 
1.5 Purpose of Research  
The efficient incorporation of Se into the aquatic food web is a cause for concern as 
higher trophic levels, especially oviparous species, are highly susceptible to increased Se 
concentrations. Anthropogenic activities such as coal, phosphate and uranium mining, as 
well as fertilizer use, have greatly exacerbated the loading of Se into the aquatic 
environment. As Se is known to have a narrow margin between essentiality and toxicity, 
there is a need to further characterize the chronic physiological effects of 
supraphysiological dietary Se concentrations. 
Therefore, the purpose of my research is to further investigate mechanisms of Se 
toxicity, particularly potential underlying cardiovascular implications of chronic exposure 
to environmentally relevant concentrations of dietary Se-Met in both zebrafish and 
rainbow trout.  
1.5.1 Objectives:  
1. To elucidate the underlying cardiovascular and metabolic implications involved in 
Se-induced toxicities in adult zebrafish and juvenile rainbow trout 
2. To investigate at the cellular level what genes are involved in this cardiac and 
metabolic dysfunction in adult zebrafish and juvenile rainbow trout 
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1.5.2 Hypotheses:  
3.1 H0: Exposure to elevated dietary Se-Met will have no effect on cardiovascular 
function in adult Danio rerio and yearling Oncorhynchus mykiss 
3.2 H0: Exposure to elevated dietary Se-Met will have no effect on energy 
homeostasis in adult Danio rerio and yearling Oncorhynchus mykiss 
3.3 H0: Exposure to elevated dietary Se-Met will show no effect in relation to the 
expression of genes of interest in adult Danio rerio and yearling Oncorhynchus 
mykiss 
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CHAPTER 2 
2.0 CARDIOVASCULAR AND METABOLIC EFFECTS OF DIETARY 
SELENOMETHIONINE EXPOSURE IN ADULT ZEBRAFISH 
 
Preface 
 The research in this chapter was designed to address the underlying 
cardiovascular and metabolic implications of dietary selenomethionine exposure in adult 
zebrafish.  
 
The contents of chapter 2 were reprinted here with the permission of Oxford publishers 
(copyright 2017) after minor adaptations to adhere to the thesis guidelines required by the 
College of Graduate and Postdoctoral Studies of the University of Saskatchewan. The 
proper citation for this article is 
Pettem, C.M., Weber, L.P., and Janz, D.J., (2017). Cardiac and metabolic effects of 
dietary selenomethionine exposure in adult zebrafish. Tox. Sci. 159, 449-460. 
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2.1 Abstract 
 
Selenium (Se) is an essential micronutrient involved in important metabolic functions 
for all vertebrate species. As Se is reported to have a narrow margin between essentiality 
and toxicity, there is growing concern surrounding the adverse effects of elevated Se 
exposure caused by anthropogenic activities. Recent studies have reported that elevated 
dietary exposure of fish to selenomethionine (Se-Met) can alter aerobic metabolic 
capacity, energetics and swimming performance. This study aims to further investigate 
mechanisms of sublethal Se-Met toxicity, particularly potential underlying cardiovascular 
implications of chronic exposure to environmentally relevant concentrations of dietary 
Se-Met in adult zebrafish (Danio rerio). Adult zebrafish were fed either control food 
(1.1 μg Se/g dry mass [d.m.]) or Se-Met spiked food (10.3 or 28.8 μg Se/g d.m.) for 90 d 
at 5% body weight per day. Following exposure, ultrahigh resolution B-mode and 
Doppler ultrasound was used to characterize cardiac function. Chronic dietary exposure 
to elevated Se-Met significantly reduced ventricular contractile rate, stroke volume, and 
cardiac output. Exposure to Se-Met significantly decreased mRNA expression of 
methionine adenosyltransferase 1 alpha and glutathione-S-transferase pi class in liver, 
and a key cardiac remodelling enzyme, matrix metalloproteinase 2, in adult zebrafish 
heart. Se-Met significantly increased echodensity at the junction between atrium and 
ventricle, and these results combined with increased matrix metalloproteinase 2 
expression are consistent with cardiac remodelling and fibrosis. The results of this study 
suggest that chronic exposure to dietary Se-Met can negatively impact cardiac function, 
and such physiological consequences could reduce the aerobic capacity and survivability 
of fish.  
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2.2 Introduction  
Selenium (Se) is an essential micronutrient involved in important metabolic and 
physiological functions in all vertebrate species. Selenium is known to have a narrow 
margin between essentiality and toxicity, particularly in oviparous vertebrates such as 
fishes (Janz et al., 2010). Under normal physiological conditions, fish require dietary 
concentrations of 0.1 to 0.5 μg Se/g dry mass (d.m.) to maintain normal selenoprotein 
function, however toxicity has been shown to occur at concentrations exceeding 3 μg/g 
d.m (Janz, 2012). Selenium is commonly found in areas of sedimentary rock depositions, 
in particular phosphate, black shale and coal deposits (Presser et al., 2004; Maher et al., 
2010), and naturally enters aquatic environments in relatively low concentrations (Maher 
et al., 2010). Petroleum refineries, mining and agricultural industries, as well as coal-fired 
power plants are all areas of economic importance that can exacerbate the loading of Se 
into the environment by manufacturing waste by-product generation (Lemly, 2004; 
Maher et al., 2010; Janz, 2012). Inputs of inorganic Se are taken up by primary producers 
and microorganisms, then biotransformed into organoselenoproteins, predominantly 
selenomethionine (Se-Met) and selenocysteine (Se-Cys) (Fan et al., 2002). Trophic 
transfer of organic Se amongst primary consumers, secondary consumers and finally 
higher order consumers including birds, fish, and humans occurs primarily through 
dietary pathways. Se-Met is the principal dietary source of Se available to fish (Fan et al., 
2002), and due to the structural similarity between Se-Met and the amino acid 
methionine, Se-Met can avoid biotransformation and be directly integrated into any 
methionine-containing protein in a non-specific, dose-dependent manner (Behne et al., 
1991). Due to its biotransformation to selenoxides, such as methylselenol, excessive Se-
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Met uptake has been shown to cause oxidative stress in vitro (Palace et al., 2004; 
Spallholz et al., 2004).  While it is generally agreed that protein dysfunction and 
oxidative stress are the main mechanisms underlying Se toxicity, fish exposed to excess 
Se in the form of selenite or Se-Met have also shown impaired cellular methylation (Ma 
et al., 2012; Thomas et al., 2013). 
Using zebrafish (Danio rerio) as a model test organism, elevated exposure to Se-Met 
have previously been reported to alter aerobic metabolic capacity, respiration, energy 
homeostasis, swimming performance and cause a greater incidence of early life stage 
deformities and mortalities (Tashjian et al., 2006; Thomas and Janz, 2011; Thomas et al., 
2013; Arnold et al., 2016). However, there is a lack of research investigating the potential 
role of cardiovascular dysfunction associated with such responses in fishes exposed to 
elevated dietary Se exposure. Cardiac activity is regulated in response to changes in 
oxygen supply and demand, and previous studies (Scott and Sloman, 2004; Thomas and 
Janz, 2011; Thomas et al., 2013) have shown that the oxygen consumption (MO2) of 
fishes exposed to Se were consistently greater than that of control fish. Advances in high 
frequency ultrasound bio-microscopy have proven to be an accurate, non-invasive 
approach to visualize fish cardiac function in vivo (Gerger et al., 2015; Gerger and 
Weber, 2015). Natural and anthropogenic stressors have been shown to alter both 
metabolic energy expenditure and storage, as well as impair the physiological stress 
response in fishes (Mommsen et al., 1999; Thomas and Janz, 2011; Wiseman et al., 2011; 
Thomas et al., 2013). Thus, impairment of these key physiological responses may cause a 
downstream cascade effect on important physiological functions, including the 
cardiovascular system.  
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 Glycogen and triglycerides are the two main forms of energy stored in fish and 
are predominantly used in burst and prolonged swimming, respectively (Hammer, 1995; 
Moyes and West, 1995). Fish collected from Se-contaminated sites, as well as those fed a 
range of excess Se-Met in controlled laboratory settings exhibited elevated levels of 
stored glycogen and triglycerides (Bennett and Janz, 2007; Wiseman et al., 2011; Thomas 
et al., 2013). Inadequate mobilization of these energy stores could lead to impaired 
swimming, but also cardiovascular disease.  
The overall goal of this study was to further investigate sublethal mechanisms of Se 
toxicity in adult zebrafish, particularly potential underlying cardiovascular and metabolic 
implications of chronic exposure to environmentally relevant concentrations of dietary 
Se-Met. Cardiac function was assessed in vivo using ultrahigh resolution 
ultrasonography, followed by quantification of energy stores in muscle and mRNA 
transcript abundance of selected genes involved in aerobic metabolism, cardiac function, 
oxidative stress and cellular methylation. 
2.3  Materials and Methods 
2.3.1 Test compound  
Seleno-L-methionine (> 98% purity) was purchased from Sigma-Aldrich (Oakville, 
ON, Canada). 
2.3.2 Test species  
Adult zebrafish were purchased from a local supplier and housed in an environmental 
chamber with controlled temperature (28.0 ± 1.0°C) and photoperiod (14 h light: 10 h 
dark). Zebrafish were randomly selected from an existing colony and placed into three 40 
L glass aquaria (32 fish/tank) with continuous aeration and particulate, charcoal, and 
 28 
ammonia biofilters. Fish were then acclimated for 2 weeks to these conditions and fed 
Nutrafin basic flake food (Hagen Inc., Montreal, QC, Canada) twice daily prior to the 
beginning of the dietary exposure. Experiments were conducted according to procedures 
approved by the University of Saskatchewan Animal Care and Use committee according 
to the Canadian Council on Animal Care guidelines. 
2.3.3 Diet preparation  
Nominal concentrations (10 and 30 µg/g d.m.) of Se in the form of Se-Met were 
dissolved in nanopure deionized distilled water, added to ground Nutrafin flake food, and 
mixed thoroughly for approximately 20 min. The control diet was made by replicating the 
above process with an equal volume of water, without the addition of Se-Met. Water was 
removed from all the diets using a freeze dryer (Dura-DryTM MP, FTS Systems, Stone 
Ridge, NY, USA). Freeze dried diets were then crushed into flakes with a mortar and 
pestle, and stored at -20°C for the remainder of the experiment. Sub-samples of each diet 
were collected for total Se analysis using inductively coupled plasma-mass spectrometry 
(ICP-MS) at the Toxicology Centre (University of Saskatchewan, Saskatoon, SK, 
Canada). 
2.3.4 Feeding exposure   
Each treatment group consisting of 32 fish was fed twice daily (5% body weight/day 
ration) with either control or Se-Met spiked diets for 90 d. Throughout the exposure, fish 
were allowed to feed for approximately 2 h, after which all excess food was siphoned, 
and 75% water renewals were performed in each aquarium every 2 d. Following the 90 d 
exposure, n = 3 fish from each treatment were randomly selected, euthanized with an 
overdose of tricaine methanesulfonate (MS 222) (1g/L) followed by spinal severance and 
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stored at -80°C for subsequent whole body Se analysis. In addition, n = 12 fish from each 
treatment were randomly selected for cardiac ultrasonography as described in section 2.6. 
Following ultrasonography, fish were euthanized as above and heart, liver and muscle 
were collected. All remaining fish were euthanized and organs collected. Heart and liver 
samples were placed in RNAlater (Thermo Fisher Scientific Inc., Waltham, MA, USA) 
prior to -80°C storage and were used for mRNA analysis of genes of interest using 
quantitative reverse transcriptase polymerase chain reaction (qRT-PCR). Muscle samples 
were placed in -80°C storage and used for quantification of metabolic energy stores 
(glycogen and triglycerides). Prior to dissection and storage, fish morphometrics (total 
length, body weight and condition factor) were determined for all fish. 
2.3.5 Total Se analysis  
Food and whole body zebrafish samples were lyophilized using a freeze dryer and 
homogenized using a tissue homogenizer (BioSpec Products, Bartlesville, OK). Moisture 
content of whole body zebrafish was 72.5 ± 1.7%. 100 mg aliquots were cold digested in 
Teflon vials with 5 ml of ultra-pure nitric acid and 1.5 ml of hydrogen peroxide. Upon 
digestion, samples were evaporated on a hot plate (<75°C), reconstituted in 5 ml of 2% 
ultrapure nitric acid, and stored at 4°C until ICP-MS analysis could be performed to 
determine total Se concentrations. A method detection limit of 0.7 µg Se/g d.m. was 
determined using method blanks, and the recovery of Se (100.8 ± 6.3%) was determined 
using a certified reference material (TORT-2, lobster hepatopancreas, NRC, Ottawa, ON, 
Canada)  
2.3.6 Cardiovascular endpoint evaluation   
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In vivo cardiac imaging was performed using non-invasive ultrahigh frequency 
ultrasonography in order to quantify cardiovascular function. This technique was adapted 
from a rodent model to zebrafish, using a VEVO 3100 high frequency ultrasound 
(VisualSonics, Markham, ON, Canada) capable of B-mode imaging and pulse-wave 
Doppler (VisualSonics, 2008) to quantify cardiac function according to methods 
previously published by our laboratory (Gerger et al., 2015; Gerger and Weber, 2015). 
Prior to ultrasonography, fish were placed ventral side up in a small foam holder 
submerged in a container with continuous flow of aerated water under light anesthesia 
(15 mg/l) of Aquacalm (metomidate hydrochloride). Temperature was maintained at 
normal zebrafish housing temperature of 28 ± 0.7˚C using a heated recirculating water 
bath. A handheld transducer was then used to produce acoustic pulses up to 75 MHz 
toward the body cavity of zebrafish, producing real-time in vivo short-axis and long-axis 
imaging at a resolution of 30μm. B-mode images were collected and used to determine 
outer ventricular volume at systole and diastole (minimum of 3 images for each view at 
each stage of the cardiac cycle averaged per fish) using Simpson’s rule of discs (Mercier 
et al., 1982; VisualSonics, 2008). Briefly, three different short axis views of the ventricle 
were used to calculate circular area (A1, A2, A3). The ventricular length (l) from a long 
axis view was then measured and divided by the total number of short axis views (3) to 
give the height (h=1/3) of each ventricular disk and used to calculate end systolic (ESV) 
and diastolic volumes (EDV) using the Simpson’s rule equation: 
 V = (A1+A2)h + ((A3h)/2) + (π/6(h3))  (1)         (Mercier et al., 1982) 
 31 
End systolic volume was then subtracted from end diastolic volume to give ventricular 
stroke volume (VS). All volume (EDV, ESV, VS) and cardiac output data were also 
corrected for individual fish body weight. 
 VS  = EDV – ESV  (2) 
Ventricular and atrial contractile rates were calculated by counting individual beats in 5 
second B-mode ultrasound video loops, then converting to beats per minute (BPM). 
Cardiac output (Q) was then calculated using ventricular contractile rate (fH) and (VS): 
 Q = fH X VS (3) 
In addition, in order to evaluate efficiency of atrial excitation to travel through the 
atrioventricular (AV) node to excite the ventricles, atrial contractile rate was divided by 
ventricular contractile rate to calculate the AV ratio. In ideal physiological conditions, 
this value should be equal to 1.0:  
 AV Ratio = Atrial fH  / Ventricular fH   (4) 
Finally, because B-mode imaging in preliminary experiments suggested that Se-Met may 
have altered echodensity of the zebrafish heart (tissues showing greater white values 
using B-mode imaging), Image-Pro Express 6.0 (Media Cybernetics Inc., Bethesda, MD, 
USA) was used to quantify integrated optical echodensity surrounding the AV valve. This 
altered echodensity is indication of either increased calcification, such as would be the 
case for bone, or increased levels of fibrotic or calcified soft tissue, as is the case in 
cardiac tissue (DiBello et al., 1995).  For these analyses, a minimum of 3 images per fish 
were analyzed in the same long-axis view at end-diastole after calibration of gray-scale 
from 0-100% density (complete black or echotransparent to complete white or echo-
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opaque), with perimeters around areas showing greater white (echodense) areas hand-
drawn, then integrated optical density calculated.  
2.3.7 Determination of triglyceride and glycogen stores  
Concentrations of muscle triglycerides were determined upon completion of the 90 d 
exposure using a kit prepared by Sigma-Aldrich (Oakville, ON, Canada) based on a 
lipase and glycerol kinase colorimetric assay, which has been previously validated for 
measuring triglycerides in whole fish homogenates in our laboratory (Weber et al., 2003; 
Bennett and Janz, 2007). Standard curves were prepared using a glycerol solution. 
Concentrations of muscle glycogen were analyzed upon completion of the 90 d 
exposure using an amylase and glucose oxidase-based colorimetric assay, which has been 
validated in our lab (Weber et al., 2008). Reagents for the assay were purchased from 
Sigma-Aldrich. Standard curves were prepared using purified Type IX bovine liver 
glycogen. 
2.3.8 Gene expression analysis  
Expression of mRNA transcript abundance of genes coding for proteins of interest 
were quantified by use of qRT-PCR. Total RNA was extracted from muscle using 
RNeasy Lipid Tissue Mini Kit (Qiagen, Mississauga, ON, Canada) and from liver and 
heart using the RNeasy Plus Mini Kit (Qiagen). Purified total RNA was then quantified 
using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, 
DE, USA).  The purified RNA samples were stored at −80 ºC until synthesis of cDNA. 
First-strand cDNA synthesis was performed using a QuantiTect® Reverse Transcription 
Kit (Qiagen) from 1 μg total RNA. The cDNA samples were stored at −20ºC until further 
analysis. 
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qRT-PCR was performed in 96-well plates by use of an ABI 7300 Real-Time PCR 
System (Applied Biosystems, Foster City, CA, USA). The sequences of gene specific 
primers were designed against target genes by use of PrimerBlast software (NCBI 
Biosystems, Bethesda, MD, USA). A separate 45 μl PCR reaction mixture consisting of 
Power SYBR Green master mix (Applied Biosystems), cDNA, gene specific primers, and 
nuclease free water was prepared for each cDNA sample and primer pair. A final reaction 
volume of 20 μl was transferred to each well and reactions were performed in duplicate, 
with an n = 10 in liver and muscle, and n = 5 pooled hearts (3 hearts/sample) per 
treatment. The PCR reaction mixture was denatured at 95ºC for 10 min before the first 
PCR cycle. The thermal cycle profile was performed as follows: denature for 10 s at 95ºC 
and extension for 1 min at 60ºC for a total of 40 PCR cycles. Optimal PCR conditions 
were established by determining the efficiency of each PCR assay with a standard curve 
of serially diluted cDNA standards. Target gene mRNA abundance was quantified by 
normalizing to the expression of elongation factor 1α (EF 1α) according to the Mean 
Normalized Expression (MNE) method of Simon (2003). 
2.3.9 Statistical analysis  
Data were tested for normality using the Shapiro-Wilk test and homogeneity of 
variance with the Levene test using SYSTAT 11 (SPSS Inc., Chicago, IL, USA). One-
way analysis of variance (ANOVA) followed by Fisher’s Least Significant Difference 
(LSD) post hoc test was used to determine significant differences among Se-Met 
treatments from the control group. All statistical tests used an alpha value of 0.05 to be 
considered statistically significant. Data are presented as mean ± standard error of the 
mean (SEM). 
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2.4 Results  
2.4.1 Selenium analysis  
Total Se concentrations in food and whole body zebrafish are shown in Table 2.1.  
Total Se concentration in the control diet was 1.1 ± 0.04 µg Se/g d.m. and in the Se-Met 
spiked food (nominal concentrations 10 and 30 µg Se/g d.m.) were 10.3 ± 0.05 and 28.8 
± 0.15 µg Se/g d.m. respectively, which were both significantly greater than the control 
diet (p < 0.05, Table 2.2). Whole body Se concentrations in zebrafish fed 1.1, 10.3 and 
28.8 µg Se/g d.m. were 0.71 ± 0.16, 3.26 ± 0.30 and 9.19 ± 0.32 µg Se/g d.m., 
respectively, and both Se-Met exposed groups were significantly greater than control fish 
(p < 0.05, Table 2.1).  
 
Table 2.1. Total Se concentrations in diets and whole zebrafish. Fish were fed either a 
control or selenomethionine-spiked diet for 90 d. Data are mean ± S.E.M. of n = 3 
samples. 
Nominal Diet [Se]  
(µg/g dry mass) 
 Dietary [Se]  
(µg/g dry mass) 
Whole Body [Se] 
(µg/g dry mass) 
Control 1.1 ± 0.04 0.71 ± 0.16 
10 µg/g 10.3 ± 0.05*   3.26 ± 0.30* 
30 µg/g 28.8 ± 0.15*   9.19 ± 0.32* 
*, Significantly different from the control group using one-way ANOVA followed by 
Fisher LSD post-hoc test (p < 0.05). 
 
Table 2.2. Mortality, total length, body weight and condition factor in adult zebrafish fed 
different concentrations of selenomethionine for 90 d. Cumulative mortalities were 
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calculated throughout 90 d exposure and morphometrics were determined on day 90. 
Data are mean ± S.E.M. of n = 15-16 fish 
 Dietary [Se] 
(µg/g dry mass) Mortality (%) 
Total Length 
(mm) 
 Body Weight  
(g) 
Condition 
Factor  
1.1 6.5 45.3 ± 0.7 1.12 ± 0.10 1.19 ± 0.08 
10.3 15.6 43.8 ± 0.8 1.04 ± 0.08 1.21 ± 0.06 
28.8 9.4 43.1 ± 0.6 1.00 ± 0.08 1.20 ± 0.07 
Condition Factor = 100(body weight/total length3) 
2.4.2 Fish mortalities and morphometrics  
Mortalities in control, 10.3 and 28.8 µg Se/g d.m. fed fish groups after 90 d were not 
significantly different among groups, being 6.5%, 15.6%, and 9.4%, respectively (Table 
2.2). Total fish length in control and Se-Met spiked diets ranged from 3.7 to 4.9 cm and 
body mass of fish ranged from 0.7 to 1.9 g (Table 2.2).  Condition factor (100×body 
weight/length3) for control and Se-Met exposed fish ranged from 1.19 to 1.21 (Table 2.2).  
There were no statistically significant differences in any of the morphometric measures 
among exposed and control fish.  
2.4.3 Cardiovascular function  
Dietary Se-Met exposure had a pronounced effect on adult zebrafish cardiac function. 
Representative B-mode long axis view and colour Doppler flow sonograms as seen in 
Figure 2.1 were used to determine all cardiovascular endpoints. Although no significance 
was seen in end systolic volume between treatments, end diastolic volume was 
significantly decreased in fish fed 28.8 µg Se/g d.m. (2.9 ± 0.3 µl/g ) when compared to 
control (4.0 ± 0.3 µl) (Figure 2.2 A, B). Ventricular contractile rate was significantly 
decreased (p < 0.05) in fish fed 28.8 µg Se/g d.m. (122.6 ± 5.1 BPM) compared to control 
 36 
(140.3 ± 4.2 BPM) (Figure 2.2 C), while atrial contractile rate (data not shown) and ratio 
of atrial to ventricular contractile rates (AV ratio; Figure 2.2 D) both remained 
unchanged. Stroke volume was significantly decreased (p < 0.05) in fish from the highest 
exposure group compared to the control (0.97 ± 0.08 and 1.36 ± 0.15 µl/g, respectively) 
(Figure 2.2 E). Fish from the high Se-Met exposure group also showed a significant 
decrease (p < 0.05) in cardiac output (127.5 ± 9.6 µl/min/g) when compared to the control 
group (180.6 ± 18.4 µl/min/g) (Figure 2.2 F).  
Representative sonograms are shown for control (Figure 2.3 A) and 28.8 μg Se/g d.m 
(Figure 2.3 B) groups in long-axis B-mode, showing an increase in echodensity 
(increased whiteness) at the junction between the atrium and the ventricle. Higher 
echodensity in cardiac tissue is associated with increased fibrosis or soft tissue 
calcification as has been previously reported in human diabetic hearts (Dibello et al., 
1995). Quantification of the echodensity using integrated area of echodensity at the 
junction between the atrium and ventricle, surrounding the AV valve, showed 
significantly greater (p < 0.001) values in fish from the 10.3 and 28.8 µg Se/g d.m. 
treatments compared to the control (19.2 ± 1.4, 18.9 ± 1.5, and 12.3 ± 0.7, respectively) 
(Figure 2.3 C). A significant decrease in mRNA abundance in heart of the cardiovascular 
remodeling protein matrix metalloproteinase 2 (MMP2) was observed in the 28.8 μg Se/g 
d.m. group when compared to the control (p < 0.05; Figure 2.3 D). The velocity of blood 
flowing through the AV valve during active atrial ejection was quantitated using pulsed 
wave Doppler and a representative Doppler sonogram is shown (Figure 2.3 E). 
Quantitative analyses of the pulsed wave Doppler sonograms showed that velocity of the 
blood travelling through the AV valve during active atrial ejection was significantly 
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lower (150.7 ± 8.8 mm/s) in the 28.8 µg Se/g d.m. group compared to control (209.6 ± 
11.7 mm/s) (Figure 2.3 F).    
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Figure 2.1. Representative long-axis brightness mode (B-mode) and colour flow Doppler 
short-axis views of the adult zebrafish heart. Anesthetized control zebrafish are imaged 
ventral side up, with B-mode showing general cardiac structures indicated by labelled 
arrows in panel A (AV = atrioventricular valve; V = ventricle; A = atrium). Blood flow 
direction and velocity are indicated by colour in panel B, with red indicating a slow to 
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moderate speed with unidirectional flow from atrium to ventricle through the 
atrioventricular valve using colour flow Doppler mode. 
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Figure 2.2. Quantitative analyses using cardiac ultrasound in zebrafish fed increasing 
levels of selenomethionine. A, End diastolic volume, B, end systolic volume, C, 
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ventricular contractile rate (beats per minute; BPM), D, atrioventricular ratio, E, stroke 
volume, and F, cardiac output of adult zebrafish fed control (1.1 μg Se/g d.m.) or 
selenomethionine spiked diets (10.3 and 28.8 μg Se/g d.m.) for 90 d. Data are expressed 
as mean ± S.E.M of n = 12 fish/group. *Significantly different from control group using 
one-way ANOVA followed by Fisher LSD post hoc test (p < 0.05). 
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Figure 2.3.  Representative B-mode sonograms in zebrafish from A, control group and B, 
28.8 μg Se/g d.m group showing an increase in echodensity (white) at the junction 
between the atrium and the ventricle surround the atrioventricular (AV) valve (V = 
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ventricle; A = atrium). Higher echodensity is associated with increased fibrosis or soft 
tissue calcification. Gain (contrast) settings were equal between frames and treatments. 
Quantitation of the echodense areas using integrated optical density is shown in C. Data 
are mean ± S.E.M of n = 12-16 fish/group. mRNA abundance of the gene associated with 
cardiac remodelling is shown in D, matrix metalloproteinase 2 (MMP2) in heart. Data are 
mean ± S.E.M of n = 10 fish/group. Transcript abundance was determined by quantitative 
real-time PCR. * Significantly different from control group using one-way ANOVA 
followed by Fisher LSD post hoc test (p < 0.05). E, representative pulsed wave Doppler 
at AV valve, F, active atrial ejection velocity, measured as velocity of blood flow through 
the atrioventricular valve. Data are mean ± S.E.M of n = 12 fish/group. * Significantly 
different from control group using one-way ANOVA followed by Fisher LSD post hoc 
test (p < 0.05). 
2.4.4 Energy storage and metabolic enzyme mRNA expression   
Skeletal muscle and liver are the two tissues where glycogen and triglycerides are 
most abundantly used as metabolic stores in fish. These tissues are both highly 
metabolically active and were examined further for bioenergetic status. Due to limited 
organ size, only skeletal muscle energy stores were quantified. Muscle glycogen 
concentrations in fish fed 10.3 and 28.8 µg Se/g d.m. (4.4 ± 0.6 and 5.3 ± 0.8 mg/g, 
respectively) were significantly greater (p < 0.05) compared to control fish (1.8 ± 0.3 
mg/g) (Figure 2.4 A). Muscle triglyceride concentrations in fish fed 1.1, 10.3 and 28.8 µg 
Se/g d.m. were 2.2 ± 0.1, 2.2 ± 0.2 and 2.6 ± 0.3 mg/g and no significant differences were 
observed among treatment groups (Figure 2.4 B). Genes associated with energy 
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homeostasis (β-hydroxyacyl coenzyme A dehydrogenase [HOAD] and citrate synthase 
[CS]), were quantitated in liver and skeletal muscle using RT-qPCR. A significant 
increase in liver, but not muscle, CS transcript abundance was observed in the 28.8 μg 
Se/g d.m. exposure group when compared to the control (p < 0.05, Figure 2.4 C). mRNA 
transcript abundance of HOAD was significantly reduced in both muscle and liver in the 
10.3 and 28.8 μg Se/g d.m. exposed groups when compared to the control (p < 0.05; 
Figure 2.4 D).  
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Figure 2.4. A, skeletal muscle glycogen concentrations and B, muscle triglyceride 
concentrations. Data are mean ± S.E.M of n = 12 fish/group. mRNA abundance of C, 
citrate synthase (CS) and D, β-hydroxyacyl coenzyme A dehydrogenase (HOAD) in liver 
(open bars) and muscle (closed bars) of adult zebrafish fed control (1.1 μg Se/g d.m.) or 
selenomethionine spiked diets (10.3 and 28.8 μg Se/g d.m.) for 90 d. Transcript 
abundance was determined by quantitative real-time PCR. Data are mean ± S.E.M of n = 
10 fish/group. * Significantly different from control group using one-way ANOVA 
followed by Fisher LSD post hoc test (p < 0.05). 
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2.4.5 Gene expression of Se-associated and antioxidant enzymes 
   
Hepatic mRNA transcript abundances of cellular methylation reactions (methionine 
adenosyltransferase 1 alpha [MAT1A]), and Se transport (selenoprotein P [SEPP1a]) 
were determined. SEPP1a is synthesized in the liver and acts as the primary Se transport 
protein, and mRNA transcript abundance in liver increased in a dose dependent manner, 
with significantly greater expression observed in the 28.8 μg Se/g d.m. treatment 
compared to control (p < 0.05, Figure 2.5 A). A significant decrease in liver MAT1A 
mRNA transcript abundance was observed in both 10.3 and 28.8 μg Se/g d.m. treatment 
groups compared to the control (Figure 2.5 B). Gene expression of selected antioxidant 
enzymes (glutathione peroxidase 1A [GPX1A] and glutathione-S-transferase pi class 
[GST-pi]) were determined using RT-qPCR. A significant decrease in GST-pi mRNA 
abundance in heart was observed in the 10.3 μg Se/g d.m. group (p < 0.05; Figure 2.6 A).  
There were no significant differences in GPX1A mRNA abundances among treatments 
for liver and heart, although there was a trend for a dose-dependent increase in liver and 
decrease in heart (Figure 2.6 B).  
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Figure 2.5. mRNA abundance of A, selenoprotein P (SEPP1a) and B, methionine 
adenosyltransferase 1 alpha (MAT1A) in liver of adult zebrafish fed control (1.1 μg Se/g 
d.m.) or selenomethionine spiked diets (10.3 and 28.8 μg Se/g d.m.) for 90 d. Transcript 
abundance was determined by quantitative real-time PCR. Data are mean ± S.E.M of n = 
10 fish/group. *, Significantly different from control group using one-way ANOVA 
followed by Fisher LSD post hoc test (p < 0.05). 
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Figure 2.6. mRNA abundance of A, glutathione-s-transferase pi class (GST-pi) and B, 
glutathione peroxidase 1a (GPX1A) in liver (open bars) and heart (closed bars) of adult 
zebrafish fed control (1.1 μg Se/g d.m.) or selenomethionine spiked diets (10.3 and 28.8 
μg Se/g d.m.) for 90 d. Data are mean ± S.E.M of n = 10 liver, and n = 5 pooled hearts (3 
hearts/sample) per group. Transcript abundance was determined by quantitative real-time 
PCR. * Significantly different from control group using one-way ANOVA followed by 
Fisher LSD post hoc test (p < 0.05). 
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2.5 Discussion  
To our knowledge, the present study was the first to investigate cardiovascular effects 
of chronic dietary Se exposure in adult fish. The most notable finding of this study was 
that environmentally relevant Se-Met exposure significantly impaired overall cardiac 
function in adult zebrafish. These effects included reduced stroke volume (the volume of 
blood pumped in each individual cardiac contraction), decreased ventricular contractile 
rate, and most notably, a decrease in cardiac output (the volume of blood pumped per 
minute). This would result in insufficient blood being ejected, thus reducing the amount 
of oxygen and nutrients being delivered to tissues (Olson and Farrell, 2006), causing 
further physiological impairment. Previous studies exposed zebrafish to similar dietary 
Se-Met concentrations and observed significant increases in oxygen consumption (MO2), 
and reduced swim performance (Ucrit), which were interpreted as reduced aerobic 
capacity (Thomas and Janz, 2011; Thomas et al., 2013). Cardiac activity is normally 
regulated in response to changes in oxygen supply and demand. Thus, greater cardiac 
output would be predicted in the elevated Se-Met exposed zebrafish based on higher 
oxygen demand, whereas we instead observed reduced cardiac output in the 28.8 µg Se/g 
d.m. treatment.  
The underlying mechanisms for the observed cardiotoxicity are not clear, however 
two hypotheses can be proposed. As mentioned earlier, excessive Se-Met uptake is 
closely linked to toxicity due to its transformation to toxic reactive oxygen species 
(Spallholz et al., 2004).  In a normal healthy heart, each atrial beat should send electrical 
excitation to the ventricle to generate a corresponding excitation/contraction. Thus, the 
ratio of atrial to ventricular contractile rates (AV ratio) should equal 1, but will increase if 
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electrical conduction through the AV node is impaired. The cardiovascular system, and 
particularly the cardiac zERG (or human equivalent – hERG) channel, is known to be 
susceptible to impairment by oxidative stress (Zhang et al., 2006; Vandenberg, 2010). It 
has been demonstrated that deletion of delayed rectifier potassium channels (zERG) in 
zebrafish can lead to AV block as indicated by increased atrial/ventricular ratio 
(Langheinrich et al., 2003) as well as cardiac arrhythmias (Sanguinetti and Tristani-
Firouzi, 2006). In the current study, because the AV ratio was not significantly different, 
but ventricular rate was significantly decreased, we cannot exclude the possibility that 
AV blockade might have been detected with a higher sample size, but future studies are 
needed (Andersson et al., 2011).   
In order to investigate the underlying oxidative stress hypothesis, specific mRNA 
markers of interest were investigated. Glutathione-s-transferases (GST) are a family of 
detoxification enzymes that catalyse the conjugation of glutathione (GSH) to a wide 
variety of endogenous and exogenous electrophilic compounds (Nimmo, 1987), and 
mRNA transcript abundance of heart GST-pi class was significantly down-regulated, 
without any change seen in GPX1A expression in zebrafish exposed to 10.3 µg Se/g d.m. 
Since catabolism of Se-Met has been reported to cause oxidative stress in fish (Palace et 
al., 2004), we would predict an upregulation of GST-pi if the zebrafish heart was able to 
compensate for oxidative stress. Since GST-pi instead decreased in cardiac tissue, but not 
liver, this suggests the heart may have been particularly vulnerable to increased damage 
from reactive oxygen species.  
A second possible explanation for the observed Se-Met-induced cardiac impairment 
could be due to ventricular fibrosis. The significant increase in echodensity at the 
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junction between the atrium and ventricle surrounding the AV valve are consistent with 
changes reported in human diabetic hearts, which was associated with cardiomyopathy 
and increased fibrosis or stiffening (Dibello et al., 1995).  Fibrotic cardiac tissue would 
impair blood movement from the atrium to the ventricle, resulting in reduced end-
diastolic volume (EDV), and this agrees with observations in the current study. The 
decrease in blood velocity through the AV valve during atrial ejection coupled with the 
observed decreases in stroke volume and cardiac output in the highest Se-Met group 
suggests that contractility may also be impaired by the process in zebrafish. Furthermore, 
significant down-regulation of MMP2 mRNA transcript abundance was observed in 
hearts of the elevated Se-Met exposed fish. MMPs are a class of proteolytic enzymes that 
have important vascular and cardiac remodeling properties (Seliktar et al., 2001). 
Decreased cardiac MMP expression has been reported along with increased collagen 
content (fibrosis) specifically in rainbow trout (Keen et al., 2016) and this fibrosis is also 
seen in human diabetic hearts (Russo and Frangogiannis, 2016). Although no previous 
information is known regarding cardiac remodelling or fibrotic processes, impaired 
cardiac function, or arrythmias after Se exposure in adult fish, this clearly requires further 
investigation.    
The Se diets in the present study were environmentally relevant, and were based on 
previous reports of sublethal toxicities in adult zebrafish (Thomas and Janz, 2011; 
Thomas et al., 2013; Raine et al., 2016). In addition, similar whole body Se 
concentrations have been reported in fish collected from Se impacted sites (Lemly, 1997; 
Fan et al., 2002; Hamilton, 2004; Muscatello et al., 2006; Muscatello and Janz, 2009). 
Whole body Se concentrations increased in a dose-dependent manner, and the 28.8 µg 
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Se/g d.m. treatment (9.2 µg Se/g d.m.) was slightly greater than the 2016 United States 
Environmental Protection Agency (USEPA) whole body criterion of 8.5 µg Se/g d.m. 
(USEPA, 2016). Previous studies reported similar whole-body concentrations in zebrafish 
exposed to dietary Se-Met (Thomas and Janz, 2011). In addition, liver mRNA transcript 
abundance of selenoprotein P (SEPP1a) was significantly up-regulated in the 28.8 µg 
Se/g d.m. treatment compared to the control. SEPP1a is synthesized in the liver and acts 
as the primary Se transport protein, binding approximately 50% of circulating plasma Se 
(Papp et al., 2007; Gladyshev, 2012). Thus, it appears that the dose-dependent increase in 
SEPP1a mRNA transcript abundance amongst treatments is related to elevated Se 
transport in the bloodstream.  
In addition to the cardiovascular effects of elevated dietary Se-Met exposure, we 
observed elevated levels of stored glycogen in fish fed greater than 10.3 µg Se/g d.m. 
This could be due to impaired energy homeostasis, caused by modifications of aerobic 
and metabolic enzyme activities (McGeer et al., 2000; Scott et al., 2002). In order to 
investigate potential mechanisms of metabolic dysfunction, mRNA transcript abundance 
of key aerobic energy metabolizing enzymes, citrate synthase (CS) and β-hydroxyacyl 
coenzyme A dehydrogenase (HOAD) were determined. HOAD is an important 
mitochondrial enzyme involved in β-oxidation of fatty acids, whereas CS is a key enzyme 
involved in the citric acid cycle and is used as an index of aerobic metabolic activity 
(Rajotte and Couture, 2002). In the present study, elevated dietary Se-Met exposure 
resulted in significant up-regulation of liver CS mRNA transcript abundance in the 28.8 
µg Se/g d.m. treatment group. Furthermore, a significant down-regulation of both liver 
and muscle HOAD mRNA transcript abundance was observed in both elevated dietary 
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Se-Met treatments. This change in gene expression, along with the increased glycogen 
stores observed in the highly exposed fish, may be indicative of an impaired ability to use 
both glycogen and lipid energy stores in these tissues. While CS expression increased in 
liver, glycogen stores were also increased suggesting that enzymes upstream of CS were 
impaired, leading to an inability to utilize this energy store. Further studies should 
examine expression or activity of glycogen phosphorylase and glycogen synthase in Se-
Met treated fish to answer this question.  
Fish exposed to excess Se in the form of selenite or Se-Met have shown impaired 
cellular methylation (Ma et al., 2012; Thomas et al., 2013). In addition to protein 
dysfunction and oxidative stress, methylation could potentially be another mechanism of 
selenium toxicity. In the present study we observed down-regulation of hepatic MAT1A 
mRNA transcript abundance following elevated Se-Met exposure. MAT1A belongs to a 
family of enzymes that regulate the biosynthesis of S-adenosylmethionine (SAM), the 
principal methyl donor, and reduced MAT1A expression is a marker of both reduced 
SAM production and impaired methylation (Lu, 2000; Mato et al., 2002). Methylation is 
known to be important in gene expression but also energy homeostasis (Lu, 2000; Mato 
et al., 2008), and reduced methylation has been shown to cause increases in hepatic 
energy stores in fish (Espe et al., 2010). In addition, changes in the epigenome are known 
to be associated with the onset and progression of cancer, autoimmune diseases, type 2 
diabetes and, more notably, cardiovascular diseases (Arai and Kanai, 2010; Timp and 
Feinberg, 2013; Dozmorov et al., 2014; Nilsson et al., 2014; Whayne, 2014). Although 
our results were consistent with those found in previous Se exposure studies in fish and 
mammalian liver (Hasegawa et al., 1996; Zeng et al., 2011; Thomas et al., 2013), other 
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studies have found opposing results of increased methylation with increased Se exposure 
(Davis et al., 2000; Uthus et al., 2006). Further controlled experimental studies are 
needed to characterize whether excess Se exposure alters down-stream methylation 
reactions.  
The authors acknowledge that one of the major limitations in the present study was 
the lack of replicated tanks for each treatment. However, the goal was not to examine 
population level effects that would require replicated tanks for statistics. While 
replication is needed to ensure that treatment effects and not random tank effects are 
reported, the present study saw a clear dose-response relationship within several different 
end-points, allowing for the consideration that  these results are true treatment effects, 
and not random tank effects. 
2.6 Conclusion  
In conclusion, the present study demonstrated that exposure to environmentally 
relevant concentrations of dietary Se-Met can cause significant cardiotoxicity and 
impaired energy homeostasis in adult zebrafish. Se-Met exposure caused significant 
increases in echodensity consistent with fibrosis surrounding the AV valve, with 
accompanying reductions in stroke volume and cardiac output. In addition to the direct 
physiological effects, Se-Met produced effects at the cellular level, causing down-
regulation of key methylation (MAT1A), vascular remodeling (MMP2) and metabolic 
(HOAD) gene expression. Based on the results of this study, a proposed adverse outcome 
pathway is summarized in Figure 2.7. Overall, these effects would impair the aerobic 
capacity of fish and have potential ecological consequences on overall fitness.   
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Figure 2.7. Hypothesized adverse outcome pathway (AOP) linking dietary selenomethionine exposure with adverse cardiorespiratory 
toxicity. 
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CHAPTER 3 
3.0 CARDIAC AND METABOLIC EFFECTS OF DIETARY 
SELENOMETHIONE EXPOSURE IN RAINBOW TROUT   
Preface 
 The research in this chapter was designed to address the underlying 
cardiovascular and metabolic implications of dietary selenomethionine exposure in 
juvenile rainbow trout.  
Chapter 3 of this thesis has been submitted to Aquatic Toxicology for publication 
(November 2017) and is currently in review.  
Pettem, C.M., Briens, J.M., Janz, D.J., and Weber, L.P., (2017). Juvenile Rainbow Trout 
(Oncorhynchus mykiss) Become Glucose Intolerant and Develop Diabetes-Related 
Complications Following Dietary Selenomethionine Exposure. Aq. Toxicol (AQTOX-D-
17-00814). 
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input and guidance; reviewed and revised the manuscript, providing comments and 
corrections; procured and provided funding required to conduct the research. 
 
Jennifer Briens (University of Saskatchewan) helped by performing the High 
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3.1 Abstract 
 
Selenium (Se) is considered as an essential trace element, involved in important 
physiological and metabolic functions for all vertebrate species. Fish require dietary 
concentrations of 0.1 to 0.5 μg Se/g dry mass (d.m.) to maintain normal physiological and 
selenoprotein function, however concentrations exceeding 3 μg/g d.m. have been shown 
to cause toxicity. As Se is reported to have a narrow margin between essentiality and 
toxicity, there is growing concern surrounding the adverse effects of elevated Se 
exposure caused by anthropogenic activities. Previous studies have reported that elevated 
dietary exposure of fish to selenomethionine (Se-Met) can cause significant 
cardiotoxicity and alter aerobic metabolic capacity, energy homeostasis and swimming 
performance. The goal of this study aims to further investigate mechanisms of sublethal 
Se-Met toxicity, particularly potential underlying cardiovascular and metabolic 
implications of chronic exposure to environmentally relevant concentrations of dietary 
Se-Met in juvenile rainbow trout (Oncorhynchus mykiss). Juvenile rainbow trout were fed 
either control food (1.3 μg Se/g dry mass [d.m.]) or Se-Met spiked food (6.4, 15.8 or 47.8 
μg Se/g d.m.) for 60 d at 3% body weight per day. Following exposure, ultrahigh 
resolution B-mode and Doppler ultrasound was used to characterize cardiac function in 
vivo. Chronic dietary exposure to Se-Met significantly increased stroke volume, cardiac 
output, and ejection fraction. Fish fed with Se-Met spiked food had elevated liver 
glycogen and triglyceride stores, suggesting impaired energy homeostasis. Exposure to 
Se-Met significantly decreased mRNA abundance of citrate synthase (CS) in liver and 
serpin peptidase inhibitor, clad H1 (SERPINH) in heart, and increased mRNA abundance 
of sarcoplasmic reticulum calcium ATPase (SERCA) and key cardiac remodelling 
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enzyme matrix metalloproteinase 9 (MMP9) in heart. Taken together, these responses are 
consistent with a compensatory cardiac response to increased susceptibility to oxidative 
stress, namely a decrease in ventricular stiffness and improved cardiac function. These 
cardiac alterations in trout hearts were linked to metabolic disruption in other major 
metabolic tissues (liver and skeletal muscle), impaired glucose tolerance with increased 
levels of the toxic glucose metabolite, methylglyoxal, development of cataracts and 
prolonged feeding behaviour, indicative of visual impairment. Therefore, although 
juvenile rainbow trout hearts were apparently able to functionally compensate for adverse 
metabolic and anti-oxidant changes after chronic dietary exposure Se-Met, complications 
associated with glucose intolerance in mammalian species were evident and would 
threaten survival of juvenile and adult fish.  
 
3.2 Introduction 
 
Selenium (Se) is considered as an essential trace element, involved in important 
physiological and metabolic functions for all vertebrate species. Fish require dietary 
concentrations of 0.1 to 0.5 μg Se/g dry mass (d.m.) to maintain normal physiological and 
selenoprotein function, however concentrations exceeding 3 μg/g d.m. have been shown 
to cause toxicity (Janz, 2012). This represents the paradoxical nature of Se, as there is a 
narrow margin between essentiality and toxicity. Oviparous vertebrates such as birds and 
fishes are among the most sensitive organisms, as selenium is deposited into eggs during 
vitellogenesis, and transferred to developing embryos during yolk resorption (Lemly, 
1997; Janz et al., 2010). Selenium is a naturally occurring element, commonly found in 
areas of sedimentary rock depositions, in particular black shale, phosphate and coal 
deposits (Presser et al., 2004; Maher et al., 2010). It naturally enters aquatic environments 
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in relatively low concentrations, providing fish and other aquatic organisms with the 
adequate levels needed to maintain normal metabolic functions (Maher et al., 2010). 
However, coal-fired power plants, petroleum refineries, as well as agricultural and 
mining industries, can greatly exacerbate the loading of Se into the environment by 
manufacturing waste generation (Lemly, 2004; Maher et al., 2010; Janz, 2012). The 
adverse effects of excessive Se in fish are well documented in laboratory experiments and 
are evident in numerous field based studies (Janz et al., 2010). Water soluble inorganic 
Se, in the form of selenite and selenate, are taken up by primary producers and 
microorganisms, then biotransformed into organoselenoproteins, predominantly 
selenomethionine (Se-Met) and selenocysteine (Se-Cys) (Fan et al., 2002). Upon 
ingestion, there is a trophic transfer of organic Se amongst primary consumers, secondary 
consumers and finally higher order consumers including birds, fish, and humans. As a 
result, there is a risk of bioaccumulation and biomagnification of organic Se. Se-Met is 
the predominant dietary source of Se available to fish (Fan et al., 2002). Due to the 
structural similarity between Se-Met and the amino acid methionine, Se-Met can avoid 
biotransformation and be directly integrated into any methionine-containing protein in a 
non-specific, dose-dependent manner (Behne et al., 1991). In addition, due to its 
biotransformation to selenoxides, such as methylselenol, excessive Se-Met uptake has 
been shown to cause oxidative stress in vitro (Palace et al., 2004; Spallholz et al., 2004). 
While the underlying toxicodynamic mechanisms behind Se toxicity are not fully 
understood, it is generally agreed that protein dysfunction and oxidative stress may be the 
fundamental culprits (Ma et al., 2012). 
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Using zebrafish (Danio rerio) as a model test organism, elevated exposure to Se-Met 
has been reported to cause significant cardiotoxicity as well as alter aerobic metabolic 
capacity, respiration, energy homeostasis, swimming performance and increased 
incidence of early life stage deformities and mortalities (Tashjian et al., 2006; Thomas 
and Janz, 2011; Thomas et al., 2013; Arnold et al., 2016; Pettem et al., 2017). 
Conversely, there is a lack of research investigating the potential role of cardiovascular 
dysfunction associated with such responses in rainbow trout exposed to elevated chronic 
dietary Se exposure. Previous studies have shown that the oxygen consumption (MO2) of 
fish exposed to Se were consistently greater than that of control fish (Scott and Sloman, 
2004; Thomas and Janz, 2011; Thomas et al., 2013). Metabolic rate and cardiac output 
are closely integrated, allowing the heart to adjust for increases in oxygen demand, and 
any alterations to these responses could lead to impaired aerobic performance 
(MacKinnon and Farrell, 1992). Whether the Se-Met-mediated increases in oxygen 
demand can be met by increased cardiac output in juvenile trout is unknown. Advances in 
high frequency ultrasound bio-microscopy have proven to be an accurate, non-invasive 
approach to visualize cardiac function in vivo in adult fish, allowing for real-time detailed 
imaging of cardiac structures and blood flow characterizations (Gerger et al., 2015; 
Gerger and Weber, 2015; Pettem et al., 2017). Natural and anthropogenic stressors have 
been shown to alter both metabolic energy expenditure and storage, as well as impair the 
physiological stress response in fishes (Mommsen et al., 1999; McKenzie et al., 2007; 
Thomas and Janz, 2011; Wiseman et al., 2011; Thomas et al., 2013). Thus, impairment of 
these key physiological responses may cause a downstream cascade effect on important 
physiological functions, including the cardiovascular system. In a previous study using 
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zebrafish and similar diets, a significant down-regulation of matrix metalloproteinase 2 
(MMP2) mRNA transcript abundance was observed in hearts of the elevated Se-Met 
exposed fish (Pettem et al., 2017). MMPs are a class of proteolytic enzymes that have 
important vascular and cardiac remodelling properties (Seliktar et al., 2001), and 
decreased cardiac MMP expression has been reported along with increased collagen 
content (fibrosis) specifically in rainbow trout (Keen et al., 2016) and this fibrosis is also 
seen in human diabetic hearts (Russo and Frangogiannis, 2016).  
Glycogen and triglycerides are the two main forms of energy stored in fish and are 
predominantly used in burst and prolonged swimming, respectively (Hammer, 1995; 
Moyes and West, 1995). The mobilization of these energy stores are important in not 
only swimming, growth, and reproduction, but also have a pivotal role in the 
detoxification of xenobiotics (Bennett and Janz, 2007). Fish fed a range of excess Se-Met 
in controlled laboratory settings, as well as those collected from Se-contaminated sites, 
exhibited elevated levels of stored triglycerides and glycogen (Bennett and Janz, 2007; 
Wiseman et al., 2011; Thomas et al., 2013; Pettem et al., 2017). In animal models of 
human disease, excess dietary selenium has been shown to impair insulin-regulated 
carbohydrate and lipid metabolism through a mechanism involving reactive oxygen 
species to produce diabetes (Steinbrenner, 2013; Wang et al., 2014). Moreover, 
prolonged hyperglycemia is associated with increased circulating levels of the toxic 
glucose metabolite, methylglyoxal, in mammals (Desai et al., 2010; Adolphe et al., 2012; 
Kalapos, 2013). Methylglyoxal, in turn, is known to promote oxidative stress and is a 
precursor to advanced glycation end products responsible for development of diabetic 
complications such as cataracts (Desai et al., 2010; Kalapos, 2013). In fish, even in the 
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absence of overt diabetes, inadequate mobilization of these energy stores could lead to 
impaired swimming and cardiovascular impairment. Whether a similar link exists 
between excess selenium, impaired energy mobilization, cardiotoxicity and development 
of impaired glucose control in fish is unclear. 
The overall goal of this study was to further investigate sublethal mechanisms of Se 
toxicity in juvenile rainbow trout, particularly potential underlying cardiometabolic and 
energy storage implications of chronic exposure to environmentally relevant 
concentrations of dietary Se-Met. Cardiac function was assessed in vivo using ultrahigh 
resolution ultrasonography, followed by quantification of energy stores in heart, liver and 
muscle tissues, and mRNA transcript abundance of selected genes involved in aerobic 
metabolism, cardiac function, and oxidative stress. Glycemic control was assessed using 
an intraperitoneal glucose challenge, with blood glucose and levels of the toxic glucose 
metabolite, methylglyoxal, measured. Finally, fish were evaluated for development of 
cataracts and behavioural evidence of visual impairment. 
3.3 Materials and Methods 
 
3.3.1 Test compound 
 
Seleno-L-methionine (≥ 98% purity) was purchased from Sigma-Aldrich (Oakville, 
ON, Canada). 
3.3.2 Test species 
 
All female rainbow trout eggs were purchased from a commercial supplier 
(Troutlodge, Sumner, WA, USA) and reared in the Aquatic Toxicology Research Facility 
at the Toxicology Centre, University of Saskatchewan. Eggs were hatched and fish reared 
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for 12 months, then 240 juvenile (yearling) rainbow trout (size ranging from 80-100 g) 
were randomly selected from this colony and placed into four 719L tanks (60 fish/tank). 
These tanks were supplied with continuous aeration (11 ± 0.5 mg/L dissolved oxygen), 
running water with a flow rate of 3.5L/min, controlled temperature (12 ± 1ºC) and 
photoperiod (14 h light: 10 h dark). Fish were then acclimated for 2 weeks to these 
conditions and fed commercial trout pellet food (Martin Classic Sinking Fish Feed, 
Martin Mills Inc., Elmira, ON, Canada) twice daily prior to the beginning of the dietary 
exposure with daily 50% water changes. Experiments were conducted according to 
procedures approved by the University of Saskatchewan Animal Care and Use committee 
according to the Canadian Council on Animal Care guidelines. 
 
3.3.3 Diet preparation 
 
Nominal concentrations (3, 10 and 30 µg/g d.m.) of Se in the form of Se-Met were 
dissolved in nanopure deionized distilled water, added to ground trout pellets, and mixed 
thoroughly for approximately 20 min. The control diet followed the above process with 
an equal volume of water, without the addition of Se-Met.  Diets were then fed through a 
meat grinder, cut into individual pellets and placed in a 55°C drying oven for 24 h until 
water had been removed from all the diets. Food was then stored at 4°C for the remainder 
of the experiment. Representative samples of each diet were taken for total Se analysis 
using inductively coupled plasma-mass spectrometry (ICP-MS) at the Toxicology Centre 
(University of Saskatchewan, Saskatoon, SK, Canada). 
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3.3.4 Feeding exposure, behavioural test, morphometric analyses and cataract 
evaluation 
 
Each treatment group consisting of 60 fish was fed twice daily (3% body weight/day) 
with either control or Se-Met spiked diets for 60 d. Fish were given approximately 1 h to 
feed, after which all excess waste was siphoned, and 50% water renewals were performed 
daily. Following 7, 14, 28 and 56 d of dietary exposure, n = 3 fish from each treatment 
were randomly selected, euthanized with an overdose of tricaine methanesulfonate (MS 
222) (1g/L) followed by spinal dislocation, muscle tissues harvested, and stored at -80°C 
for subsequent muscle Se bioaccumulation analysis. In addition, n = 15 fish from each 
treatment were randomly selected for cardiac ultrasonography as described in section 2.6. 
Fish from each treatment group (n = 10) were randomly selected and euthanized, and 
liver, heart and muscle samples were harvested for subsequent analysis of triglyceride 
and glycogen storage. Additionally, n = 5 fish from each treatment had heart, liver and 
muscle tissues harvested and placed in -80°C storage and were used for mRNA analysis 
of genes of interest using quantitative reverse transcriptase polymerase chain reaction 
(qRT-PCR). Prior to dissection and storage, fish morphometrics (total length, body 
weight, condition factor, hepatosomatic index (HSI), cardiosomatic index (CSI) and 
incidence of cataracts) were determined for all fish. Additionally, the prevalence of 
cataracts were counted in each treatment group prior to euthanization and expressed as a 
percent incidence. Furthermore, as a surrogate for visual testing, feeding behaviour was 
assessed using rainbow trout ability to actively forage for food following 60 d of dietary 
exposure as outlined in section 3.2.9. Finally, n = 12 fish from each treatment were used 
to determine glycemic control using a glucose tolerance test, as outlined in section 3.2.9. 
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3.3.5 Total Se analysis 
 
Food and rainbow trout muscle samples were lyophilized using a freeze dryer and 
homogenized using a tissue homogenizer (BioSpec Products, Bartlesville, OK). 100 mg 
aliquots were cold digested in Teflon vials with 5 ml of ultra-pure nitric acid and 1.5 ml 
of hydrogen peroxide. Upon digestion, samples were evaporated on a hot plate (<75°C), 
reconstituted in 5 ml of 2% ultrapure nitric acid, and stored at 4°C until ICP-MS analysis 
could be performed to determine total Se concentrations. In addition to tissue samples, 
water aliquots from each aquaria were taken to determine aqueous Se concentrations, and 
were found to not differ amongst treatments. Therefore, any differences among 
treatments observed can be attributed solely to dietary, not aqueous, exposure to Se. A 
detection limit of 0.6 µg Se/g d.m. was determined using method blanks, and the 
recovery of Se (92.4 ± 0.5%) was determined using a certified reference material (TORT-
3, lobster hepatopancreas, NRC, Ottawa, ON, Canada). All total Se concentrations in 
diets and tissues are presented on a dry mass basis. 
3.3.6 Cardiovascular endpoint evaluation  
 
In vivo cardiac imaging was performed using non-invasive ultrahigh frequency 
ultrasonography in order to quantify cardiovascular function. This technique was adapted 
from a rodent model to rainbow trout, using a VEVO 3100 high frequency ultrasound 
(VisualSonics, Markham, ON, Canada) capable of B-mode imaging and pulse-wave 
Doppler (VisualSonics, 2015) to quantify cardiac function according to methods 
previously published by our laboratory in zebrafish (Gerger et al., 2015; Gerger and 
Weber, 2015; Pettem et al., 2017). Prior to ultrasonography, fish anesthesia was initiated 
in an aerated bucket of dechlorinated water containing 25 mg/L of Aquacalm 
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(metomidate hydrochloride). After loss of righting reflex, fish were placed ventral side up 
in a foam holder submerged in a container with continuous flow of highly aerated water 
with light anesthesia (10 mg/L) of Aquacalm. Water temperature for rainbow trout during 
anesthesia was maintained at 12 ± 0.7 ˚C (same as housing temperature) using a 
recirculating, refrigerated water bath (VWR International, Mississauga, ON, Canada). A 
handheld transducer was then used to produce acoustic pulses up to 75 MHz toward the 
body cavity of rainbow trout, producing real-time in vivo short-axis and long-axis 
imaging at a resolution of 30 μm. B-mode images were collected and used to determine 
outer ventricular volume at systole and diastole (minimum of 3 images for each view at 
each stage of the cardiac cycle averaged per fish) using Simpson’s rule of discs (Mercier 
et al., 1982; VisualSonics, 2015). Briefly, three different short axis views of the ventricle 
were used to calculate circular area (A1, A2, A3). The ventricular length (l) from a long 
axis view was then measured and divided by the total number of short axis views (3) to 
give the height (h=1/3) of each ventricular disk and used to calculate end systolic (ESV) 
and diastolic volumes (EDV) using the following equation: 
 V = (A1+A2)h + ((A3h)/2) + (π/6(h3))  (1)         (Mercier et al., 1982) 
End systolic volume was then subtracted from end diastolic volume to give ventricular 
stroke volume (VS). All volumes (EDV, ESV, VS) and cardiac output data were also 
corrected for individual fish body weight. 
 VS = EDV – ESV  (2) 
Ventricular and atrial contractile rates were calculated by counting individual beats in 5 
second B-mode ultrasound video loops, then converting to beats per minute (BPM). 
Cardiac output (Q) was then calculated using ventricular contractile rate (fH) and (VS): 
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 Q = Ventricular fH × VS (3) 
Finally, in order to evaluate efficiency of electrical excitation travelling from the atrium 
to the ventricle through the atrioventricular (AV) node, atrial contractile rate was divided 
by ventricular contractile rate to calculate the AV ratio. In ideal physiological conditions, 
this value should be equal to 1.0:  
 AV Ratio = Atrial fH  / Ventricular fH   (4) 
3.3.7 Determination of triglyceride and glycogen stores 
 
Concentrations of heart, muscle and liver triglycerides were determined upon 
completion of the 60 d exposure using a commercially available kit (Sigma-Aldrich, 
Oakville, ON, Canada) adapted and previously validated use in whole fish homogenates 
in our laboratory (Weber et al., 2003; Bennett and Janz, 2007).  
Concentrations of heart, muscle and liver glycogen were analyzed upon completion of 
the 60 d exposure using methods previously validated in our laboratory (Weber et al., 
2008). Standard curves were prepared using purified Type IX bovine liver glycogen. 
Standard and reagents for the assay were purchased from Sigma-Aldrich (Oakville, ON, 
Canada). 
3.3.8 Gene expression analysis 
 
Abundance of mRNA transcripts of genes coding for proteins of interest were 
quantified using qRT-PCR. Total RNA was extracted from muscle using RNeasy Lipid 
Tissue Mini Kit (Qiagen, Mississauga, ON, Canada) and from liver or heart using the 
RNeasy Plus Mini Kit (Qiagen). Purified total RNA was then quantified using a 
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies, Wilmington, DE, 
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USA).  The purified RNA samples were stored at −80 ºC until synthesis of cDNA. First-
strand cDNA synthesis was performed using a QuantiTect® Reverse Transcription Kit 
(Qiagen) from 1 μg total RNA. The cDNA samples were stored at −20ºC until further 
analysis. qRT-PCR was performed in 96-well plates by use of a QuantStudio 6 Real-
Time PCR System (Applied Biosystems, Foster City, CA, USA). The sequences of gene 
specific primers were designed against target genes by use of PrimerBlast software 
(NCBI Biosystems, Bethesda, MD, USA). A separate 45 μL PCR reaction mixture 
consisting of Power SYBR Green master mix (Applied Biosystems), cDNA, gene 
specific primers, and nuclease free water was prepared for each cDNA sample and primer 
pair. A final reaction volume of 20 μL was transferred to each well and reactions were 
performed in duplicate. The PCR reaction mixture was denatured at 95ºC for 10 min 
before the first PCR cycle. The thermal cycle profile was performed as follows: denature 
for 10 s at 95ºC and extension for 1 min at 60ºC for a total of 40 PCR cycles. Optimal 
PCR conditions were established by determining the efficiency of each PCR assay with a 
standard curve of serially diluted cDNA standards. Target gene mRNA abundance was 
quantified by normalizing to the expression of elongation factor 1α (EF 1α) according to 
the Mean Normalized Expression (MNE) method of Simon (2003). 
3.3.9 Intraperitoneal glucose tolerance test, plasma methylglyoxal determination, 
cataract scoring and behavioural testing 
 
Rainbow trout were fasted for 24 h, then n = 6 from each treatment were segregated 
to individual pens within a flow-through 379 L tank. Fasting blood measurements at time 
0 (baseline) were taken by collecting ~5 μL of blood (one drop) from the caudal peduncle 
using a syringe and whole blood transferred directly onto a glucose indicator strip 
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connected to a OneTouch Ultra 2 glucometer (LifeScan Canada Ltd., Burnaby, BC, 
Canada) to measure blood glucose. For all blood glucose measurements at each time-
point, averaged values from minimum three strips with good agreement were used to 
ensure precision. Following baseline, fish were injected intraperitoneally (i.p.) with a 
glucose solution (0.5g/kg; 10% glucose in deionized water) using a 25 G needle. Fish 
were then returned to their holding pen. Blood samples were then taken at 0.5, 1, and 3 h 
from 6 fish, then 6, 12, 24 and 48 h, from another 6 fish, following the above protocol. 
Preliminary experiments in untreated rainbow trout showed that a single fish could not be 
used to sample all of the time-points needed without excessive stress (excessive pallor 
and loss of activity). When only half the time-points per fish were used instead, fish 
behaviour and appearance remained normal throughout the sampling period. At 48 h after 
i.p. glucose injection, fish were euthanized with an overdose of tricaine methanesulfonate 
(MS 222) (1g/L).  
Plasma methylglyoxal was measured using HPLC according to methods adapted from 
that used previously in dog plasma in our laboratory (Adolphe et al., 2012). Frequency of 
cataracts were scored for each treatment prior to euthanization and reported as a percent 
prevalence in each tank. As a surrogate for vision testing, feeding behaviour was assessed 
using rainbow trout ability to actively forage for food following 60 d of dietary exposure. 
One scoop (67.5 g) of either control (1.3 μg Se/g d.m.) or selenomethionine spiked diets 
(6.4, 15.8 and 47.8 μg Se/g d.m.) was distributed throughout the tank within a 5 second 
period, then the timer began. The time taken for all the fish in a tank to return to normal 
swimming behaviour after feeding was recorded. Since only a single tank per treatment 
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was used in this study, both cataract incidence and feeding behaviour end-points are 
reported as a qualitative results with no statistical analyses. 
3.3.10 Statistical Analysis 
 
Data were tested for normality using the Shapiro-Wilk test and homogeneity of 
variance with the Levene test using SYSTAT 11 (SPSS Inc., Chicago, IL, USA). One-
way analysis of variance (ANOVA) followed by Fisher’s Least Significant Difference 
(LSD) post hoc test was used to determine significant differences among Se-Met 
treatments from the control group. All statistical tests used an alpha value of 0.05 to be 
considered statistically significant. Data are presented as mean ± standard error of the 
mean (SEM).   
3.4  Results 
 
3.4.1 Selenium analysis 
 
Total Se concentrations in food are shown in Table 3.1. Total Se concentration in the 
control diet was 1.3 ± 0.01 µg Se/g d.m. and in the Se-Met spiked food (nominal 
concentrations 3, 10 and 30 µg Se/g d.m.) were 6.4 ± 0.35, 15.8 ± 0.37 and 47.8 ± 2.5 µg 
Se/g d.m. respectively, which were all significantly greater than the control diet (p < 0.05, 
Table 3.1). Muscle Se concentrations in rainbow trout fed 1.3, 6.4, 15.8 and 47.8 µg Se/g 
d.m. were measured following 7, 14, 28 and 56 d of dietary exposure. Dose and time-
dependent increases in Se were clearly evident, with significantly greater concentrations 
seen in fish fed 15.8 and 47.8 µg Se/g d.m. starting at 14 d of feeding, compared to 
control (p < 0.05, Figure 3.1). 
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Table 3.1. Mortality, total length, body weight, condition factor, hepatosomatic (HSI) and cardiosomatic (CSI) indices in juvenile 
rainbow trout fed different concentrations of selenomethionine for 60 d. Cumulative mortalities were calculated throughout 60 d 
exposure and are a percentage of the initial tank population (n = 1 tank/treatment; no statistics performed on mortality), while 
morphometrics were determined on day 60 (n = 40-50 fish/treatment). Dietary selenium was determined in 3 random samples from 
each diet (n = 3). Data are mean ± S.E.M. 
 
Dietary [Se] 
(µg/g dry 
mass) 
Mortality 
(%) 
Total 
Length 
(cm) 
 Body 
Weight  
(g) 
Condition 
Factor  
 
HSI 
 
CSI 
1.3 ± 0.00 
6.4 ± 0.35 
6.5 
7.4 
26.5 ± 0.3 
24.1 ± 0.4 
239.5 ± 8.6 
184.4 ± 7.7* 
1.26 ± 0.02 
1.28 ± 0.01 
1.06 ± 0.01 
0.95 ± 0.02 
0.143 ± 0.01  
0.155 ± 0.01 
15.8 ± 0.37* 12.1 25.4 ± 0.4 216.2 ± 8.9 1.29 ± 0.01 1.00 ± 0.03 0.146 ± 0.01 
47.8 ± 2.50* 8.4 25.5 ± 0.4 220.0 ± 11.7 1.28 ± 0.02 1.39 ± 0.06* 0.142 ± 0.01 
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Figure 3.1.  Muscle selenium concentrations (µg/g d.m.) measured over time in response 
to increasing inclusion of dietary selenomethionine (Se-Met). * Significantly different 
from control group using one-way ANOVA followed by Fisher LSD post hoc test (p < 
0.05). 
3.4.2 Fish mortalities and morphometrics  
Mortalities in control, 6.4, 15.8 and 47.8 µg Se/g d.m. fed fish groups after 60 d were 
similar, being 6.5%, 7.4%, 12.1% and 8.4%, respectively (Table 3.1). Average total fish 
length in control and Se-Met spiked diets ranged from  24.1 to 26.5 cm and average body 
mass of fish ranged from 184.4 to 239.5 g, with significantly lesser weights in the 6.4 µg 
Se/g d.m. fish compared to the control (184.4 ± 7.7, 239.5 ± 8.6, respectively, p < 0.05, 
Table 3.1). Condition factor for control and Se-Met exposed fish ranged from 1.26 to 
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1.29 (Table 3.1), and did not differ significantly among groups. Fish from the 47.8µg 
Se/g d.m. treatment had a significantly greater hepatosomatic index (HSI) when 
compared to the control (1.39 ± 0.06 and 1.06 ± 0.01, respectively, p < 0.05, Table 3.1). 
There were no statistically significant differences in any of the other morphometric 
measures among exposed and control fish.  
3.4.3 Cardiovascular function  
Dietary Se-Met exposure had a pronounced effect on juvenile rainbow trout cardiac 
function. Representative B-mode long axis view and colour Doppler flow sonograms as 
shown in Figure 3.2 were used to determine all cardiovascular endpoints. Although no 
significance was observed in end systolic or end diastolic volume among treatments 
(Figure 3.3 A, B), stroke volume was significantly increased in fish fed 47.8 µg Se/g d.m. 
(1.09 ± 0.03 µl/g ) when compared to control (0.81 ± 0.05 µl/g) (Figure 3.3 C). Ejection 
fraction was also significantly increased (p < 0.05) in fish fed 47.8 µg Se/g d.m. (42.3 ± 
1.7%) compared to control (35.4 ± 1.9%) (Figure 3.3 D). Atrial contractile rate was 
significantly reduced in fish fed 47.8 µg Se/g d.m. (53.6 ± 1.6 BPM) compared to control 
(62.1 ± 2.4 BPM) (Figure 3.3 E), while ventricular contractile rate (Figure 3 F) and ratio 
of atrial to ventricular contractile rates (AV ratio; Figure 3.3 G) both remained 
unchanged. Fish from the highest Se-Met exposure group also showed a significant 
increase (p < 0.05) in cardiac output (60.2 ± 4.7 µl/min/g) when compared to the control 
group (44.1 ± 3.5 µl/min/g) (Figure 3.3 H). The velocity of blood flowing through the 
AV valve during active atrial ejection was quantitated using pulsed wave Doppler and a 
representative Doppler sonogram is shown (Figure 3.4 A). Quantitative analyses of the 
pulsed wave Doppler sonograms showed that peak velocity of the blood travelling 
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through the AV valve during active atrial ejection was not statistically different amongst 
treatments (Figure 3.4 B). However flow through the AV valve was significantly greater 
(p < 0.05) during passive ventricular filling (passive flow from atria to ventricle during 
atrial diastole) in both the 15.8 and 47.8 µg Se/g d.m. treatment groups (44.1 ± 3.2 and 
49.2 ± 1.6 mm/s, respectively) compared to control (35.8 ± 2.3 mm/s) (Figure 3.4 C). 
Accordingly, a significantly greater (p <0.05) passive/active AV velocity was seen in the 
47.8 µg Se/g d.m. treatment group (12.8 ± 0.6%) compared to the control rainbow trout 
(9.0 ± 0.6%) (Figure 3.4 D, p < 0.05). 
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Figure 3.2.  Representative long-axis brightness mode (B-mode) and colour flow 
Doppler short-axis views of the juvenile rainbow trout heart. Anesthetized control trout 
are imaged ventral side up, with B-mode showing general cardiac structures indicated by 
labelled arrows in panel A (AV = atrioventricular valve; VB = ventriculobulbar valve). 
Blood flow direction and velocity are indicated by colour in panel B, with red indicating 
a slow to moderate speed with unidirectional flow from atrium to ventricle through the 
atrioventricular valve using colour flow Doppler mode. Panel C shows blood flow 
through the ventriculobulbar valve. 
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Figure 3.3. Quantitative analyses using cardiac ultrasound in rainbow trout fed 
increasing levels of selenomethionine. A, End diastolic volume, B, end systolic volume, 
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C, stroke volume, D, ejection fraction, E, atrial contractile rate (beats per minute; BPM), 
F, ventricular contractile rate (BPM), G, ratio of atrial to ventricular contractile rates (AV 
ratio), and H, cardiac output of juvenile rainbow trout fed control (1.3 μg Se/g d.m.) or 
selenomethionine spiked diets (6.4, 15.8 and 47.8 μg Se/g d.m.) for 60 d. Data are 
expressed as mean ± S.E.M of n = 15 fish/group. * Significantly different from control 
group using one-way ANOVA followed by Fisher LSD post hoc test (p < 0.05). 
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Figure 3.4. Doppler velocity analyses using cardiac ultrasound in rainbow trout. A, 
Representative pulsed wave Doppler at atrioventricular (AV) valve, B, passive atrial 
ejection velocity measured as velocity of passive blood flow movement through the AV 
valve, C, active atrial ejection velocity, and D, passive divided by active velocity as a 
percentage. Data are mean ± S.E.M of n = 15 fish/group. * Significantly different from 
control group using one-way ANOVA followed by Fisher LSD post hoc test (p < 0.05). 
 
  
 81 
 
A significant increase in heart mRNA transcript abundance of the human Ether-à-go-
go-Related Gene (hERG) was observed in the 6.4 µg Se/g d.m. treatment group, but not 
the higher Se groups, compared to the control (p < 0.05, Figure 3.5 A). This gene is 
crucial in the repolarization of the cell membrane. Additionally, a significant increase in 
the mRNA transcript abundance of the crucial gene involved in relaxation of cardiac 
muscle, heart sarcoplasmic reticular calcium ATPase (SERCA), was observed in the 
highest exposed (47.8 μg Se/g d.m.) group, when compared to the control (p < 0.05; 
Figure 3.5 B). A significant decrease in heart molecular chaperone serpin peptidase 
inhibitor, clad H1 (SERPINH1) mRNA abundance was also observed in the highest Se 
dietary group when compared to control fish (p < 0.05; Figure 3.5 C). Moreover, there 
was a significant increase in heart mRNA abundance of the cardiovascular remodelling 
protein (matrix metalloproteinase 9 [MMP9]) in the 47.8 μg Se/g d.m. dietary group 
when compared to the control (p < 0.05; Figure 3.5 D). 
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Figure 3.5. Cardiac mRNA abundance of A, human Ether-à-go-go-Related Gene 
(hERG), B, sarcoplasmic reticular calcium ATPase (SERCA), C, serpin peptidase 
inhibitor, clad H (SERPINH), and D, matrix metalloproteinase 9 (MMP9) in juvenile 
rainbow trout fed control (1.3 μg Se/g d.m.) or selenomethionine spiked diets (6.4, 15.8 
and 47.8 μg Se/g d.m.) for 60 d. Data are mean ± S.E.M of n = 5 pooled hearts (3 
hearts/sample) per group. Transcript abundance was determined by quantitative RT- 
PCR. * Significantly different from control group using one-way ANOVA followed by 
Fisher LSD post hoc test (p < 0.05). 
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3.4.4 Energy storage and key metabolic enzyme mRNA transcript abundance  
Skeletal muscle and liver are two tissues where glycogen and triglycerides are 
important metabolic stores in fish and these organs possess intermittently high metabolic 
rates.  In contrast, although the heart is not a major body storage site for glycogen or lipid 
in fish, these two energy stores are key energy substrates for this important organ that has 
continuous high metabolic demand. Although glycogen and triglyceride concentrations 
did not statistically differ in skeletal muscle and heart tissues, liver concentrations for 
both energy storage molecules did. Fish fed 15.8 and 47.8 µg Se/g d.m. for 60 d had 
significantly greater hepatic glycogen (46 ± 2.8 and 69 ± 6.8 mg/g, respectively) and 
triglyceride (1.1 ± 0.1 and 1.3 ± 0.1 mg/g, respectively) concentrations when compared to 
the controls (33 ± 3.3 and 0.6 ± 0.1 mg/g, respectively) (p < 0.05, Figure 3.6 A, B).  
Key regulatory genes associated with energy homeostasis (β-hydroxyacyl coenzyme 
A dehydrogenase [HOAD] and citrate synthase [CS]), were quantitated in heart, liver and 
skeletal muscle using qPCR. A significant decrease in liver CS transcript abundance was 
observed in the 15.8 and 47.8 μg Se/g d.m. exposure group when compared to the control 
(p < 0.05, Figure 3.6 C). In contrast, CS transcript abundance in skeletal muscle from the 
highest Se group (47 μg Se/g d.m.) was significantly increased compared to control, 
while no significant change among groups in CS abundance was noted in cardiac tissue 
(Figure 3.6 C). Similarly, HOAD mRNA transcript abundance was significantly reduced 
in 6.4 μg Se/g d.m. skeletal muscle (p < 0.05; Figure 3.6 D), but unchanged in cardiac 
muscle. Conversely, HOAD mRNA was significantly increased in liver of the 47.8 μg 
Se/g d.m. exposed groups when compared to the control (p < 0.05; Figure 3.6 D). 
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Figure 3.6. Energy stores and metabolic enzymes in rainbow trout tissues after 60-d 
dietary exposure to selenomethionine. A, glycogen concentrations and B, triglyceride 
concentrations. Data are mean ± S.E.M of n = 10 fish/group. mRNA abundance of C, 
citrate synthase (CS) and D, β-hydroxyacyl coenzyme A dehydrogenase (HOAD) in liver 
(black bars), skeletal muscle (white bars) and heart (gray bars) of juvenile rainbow trout 
fed control (1.3 μg Se/g d.m.) or selenomethionine spiked diets (6.4, 15.8 and 47.8 μg 
Se/g d.m.) for 60 d. Transcript abundance was determined by quantitative RT-PCR. Data 
are mean ± S.E.M of n = 5 fish/group for liver and muscle and n = 5 pooled hearts (3 
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hearts/sample) per group. * Significantly different from control group using one-way 
ANOVA followed by Fisher LSD post hoc test (p < 0.05). 
3.4.5 Gene expression of antioxidant enzymes  
Gene expression of selected oxidative stress (glutathione peroxidase 1A [GPX1A] 
glutathione-S-transferase pi class [GST-pi], superoxide dismutase [SOD] and catalase 
[CAT]) were monitored in liver, skeletal muscle and heart tissues using qPCR. 
Significant increases in GST-pi mRNA abundance were observed in skeletal muscle and 
liver, but instead decreased in heart tissue in the highest exposed (47.8 μg Se/g d.m.) 
group when compared to the control (p < 0.05; Figure 3.7 A). Interestingly, significant 
increases of GPX1A mRNA abundance were observed in skeletal muscle and liver, while 
significant decreases in abundance were observed in heart tissues in the 6.4 and 47.8 μg 
Se/g d.m. treatment group compared to the control (p < 0.05; Figure 3.7 B). Significant 
decreases in SOD mRNA transcript abundance were observed in all three tissues in the 
6.4 μg Se/g d.m. treatment group, but only in liver and skeletal muscle in the 15.8 μg 
Se/g d.m. group when compared to the control (p < 0.05; Figure 3.7 C). Additionally, in 
liver, but not other tissues, a significant increase in CAT mRNA transcript abundance 
was observed in the 47.8 μg Se/g d.m. treatment group, when compared to the control (p 
< 0.05; Figure 3.7 D). 
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Figure 3.7.  mRNA abundance of A, glutathione-s-transferase pi class (GST-pi), B, 
glutathione peroxidase 1a (GPX1A), C, superoxide dismutase (SOD), and D, catalase 
(CAT) in liver (black bars), skeletal muscle (white bars) and heart (gray bars) of juvenile 
rainbow trout fed control (1.3 μg Se/g d.m.) or selenomethionine spiked diets (6.4, 15.8 
and 47.8 μg Se/g d.m.) for 60 d. Data are mean ± S.E.M of n = 5 liver and muscle, and n 
= 5 pooled hearts (3 hearts/sample) per group. Transcript abundance was determined by 
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quantitative RT-PCR. * Significantly different from control group using one-way 
ANOVA followed by Fisher LSD post hoc test (p < 0.05). 
 
3.4.6 Glucose Tolerance Test, methylglyoxal levels, cataracts and behavior  
After 24 hr fasting, baseline (pre-glucose challenge) blood glucose levels did not 
differ significantly among groups, ranging from 3.1-3.8 mmol/L (Table 3.2). Peak blood 
glucose ranged from 17-22 mmol/L, and did not differ significantly among groups (Table 
3.2), with time to peak glucose being significantly longer in the highest 47.8 µg Se/g d.m. 
treatment at 44.0 ± 4.0 h compared to the control 3.0 ± 0.0 h (Table 3.2). At 48 hr 
following intraperitoneal injection of glucose, all treatments had blood glucose that had 
returned to their baseline levels, except for the 47.8 μg Se/g d.m. treatment, which 
remained significantly higher (p < 0.05) than the control, at 19.8 ± 0.6 mmol/L (Table 
3.2). This prolonged hyperglycemia at 48 hr in the highest Se group led to significantly 
increased plasma levels of the toxic glucose metabolite, methylglyoxal, compared to 
control (Table 3.3). In addition, although only qualitative observations could be made, 
there was a noticeable increase in the incidence of cataracts (Table 3.3). Incidence went 
from zero in the control group to 8% and 36% in the 15.8 and 47.8 µg Se/g d.m. 
treatment groups. Furthermore, ad hoc behaviour testing was conducted after noting this 
increasing incidence of cataracts in Se-exposed fish. This behaviour test assessed how 
long it took trout to find their food during feeding time. Qualitatively, fish in the highest 
dietary Se group took longer to find their food compared to control (Table 3.3).   
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Table 3.2. Glucose tolerance test in fish fed either a control or selenomethionine-spiked 
diet for 60 d. Rainbow trout were injected intraperitoneal with 0.5 g glucose/kg body 
weight. Data are mean ± S.E.M. of n = 6 samples. 
Treatment [Se]  
(µg/g dry mass) 
 Fasting 
Blood 
Glucose 
(mmol/L) 
Peak Blood 
Glucose 
(mmol/L) 
48hr Blood 
Glucose 
(mmol/L) 
Time to Peak 
(hr) 
1.3 
6.4 
3.6 ± 0.1 
3.5 ± 0.1 
21.0 ± 0.9 
22.0 ± 0.7 
5.4 ± 0.4 
5.3 ± 0.7 
3.0 ± 0.0 
9.5 ± 3.4  
15.8 3.1 ± 0.2 17.3 ± 1.2 7.6 ± 0.3 9.0 ± 1.3 
47.8 3.8 ± 0.4 19.8 ± 0.6 19.8 ± 0.6* 44.0 ± 4.0* 
*, Significantly different from the control group using one-way ANOVA followed by 
Fisher LSD post-hoc test (p < 0.05). 
 
 
Table 3.3. After 60 d of dietary exposure to 6.4, 15.8 and 47.8 μg Se/g d.m., rainbow 
trout plasma methylglyoxal at 48hr after glucose challenge (n = 4), cataract prevalence 
(%), and feeding behaviour as a surrogate for visual function are shown. The behaviour 
test measured the time taken for all fish in a given tank to return to normal swimming 
behaviour after feeding a standard amount of feed (67.5 g). Data are mean ± S.E.M.  
  
Treatment [Se] 
(µg/g dry mass) 
Plasma 
methylglyoxal 
(µM) 
Cataract 
prevalence (%) 
Time to return to 
normal behaviour 
after feeding (s) 
1.3 0.76 ± 0.23 0 3.8 
6.4 ND 0 3.9 
15.8 ND 8 4.0  
47.8 2.39 ± 0.89* 36 5.1 
* Significantly different from control group using one-way ANOVA followed by Fisher 
LSD post hoc test (p < 0.05), ND - not determined. 
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3.5 Discussion  
Selenium has proven to be a contaminant of growing concern. It is well known that 
oviparous species are especially vulnerable as maternal transfer is the major route of Se 
exposure to eggs and embryo-larval fishes (Lemly, 1997, 2002; Janz et al., 2010).  
To our knowledge, this is the first study to investigate the cardiovascular and glycemic 
control effects of chronic dietary Se exposure in juvenile rainbow trout. The most 
prominent findings of this study were that environmentally relevant Se-Met exposure can 
disrupt normal cardiovascular function, impair energy homeostasis and promote 
development of glucose intolerance in juvenile rainbow trout. The cardiac effects 
appeared adaptive and included increased stroke volume (the volume of blood pumped in 
each individual cardiac contraction), increased ejection fraction (the percentage of blood 
that is ejected out of the ventricles with each contraction), and most notably, an increase 
in cardiac output (the volume of blood pumped per minute). In addition, juvenile trout 
had significantly greater liver stores of triglycerides and glycogen, but proved to be 
unable to use these stores, regulate glycemic responses or prevent glucose intolerance 
complications.  
3.5.1  Se dosing and kinetics  
Se diets chosen were considered environmentally relevant, and were modeled after 
previous studies eliciting sublethal toxicities in adult fish (Thomas et al., 2013; McPhee 
and Janz, 2014; Pettem et al., 2017). In addition, similar Se concentrations have been 
observed in fish collected from Se impacted sites (Lemly, 1997; Fan et al., 2002; 
Hamilton, 2004; Muscatello et al., 2006; Muscatello and Janz, 2009). Muscle Se 
concentrations increased in a dose-dependent manner and were directly proportional to 
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concentrations of Se in the diet. Muscle Se in both the 15.8 and 47.8 μg Se/g d.m. 
exposure groups had significantly greater concentrations when compared to the control 
following 14 d of dietary exposure. Muscle Se concentrations continued to increase, as 
bioaccumulation was readily apparent, peaking at 74 ± 4 μg Se/g d.m. in the highest 
exposure group after 56 d of dietary exposure. These levels are far above the 2016 
USEPA muscle tissue guideline levels of 11.3 μg Se/g (USEPA, 2016). These results 
seem to indicate that at the lowest dose of 6.4 μg Se/g d.m., the fish are able to regulate, 
and effectively excrete excess Se, as muscle concentrations stayed relatively constant 
during the 60 d exposure. However, at greater concentrations, Se overrides the 
physiological ability to excrete excess Se and it begins to bioaccumulate. Previous Se-
Met studies reported similar concentrations in whole-body Se assimilation in zebrafish, 
cutthroat trout (Oncorhynchus clarkii), white sturgeon (Acipenser transmontanus) and 
bluegill (Lepomis macrochirus) (Cleveland et al., 1993; Linville et al., 2006; Thomas and 
Janz, 2011; Pettem et al., 2017). There were no significant effects of dietary Se-Met 
exposure on total length, mortality, cardiosomatic index (CSI) or condition factor, 
however there was a significant decrease in body weight in the lowest exposure group of 
6.4 μg Se/g d.m. and a significant increase in hepatosomatic index (HSI) in the 47.8 μg 
Se/g d.m. exposure group compared to control.  
     Surprisingly, dietary Se-Met exposure significantly enhanced normal cardiac function 
in juvenile rainbow trout. The results of the current study contrast trends seen in previous 
studies examining exposure to petroleum contaminants and polycyclic aromatic 
hydrocarbons, where bradycardia and arrhythmias characteristic of AV blockade were 
observed in both zebrafish (Incardona et al., 2004; Zhang et al., 2013) and pacific herring 
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(Clupea pallasii) embryos (Incardona et al., 2009). More importantly, the findings in this 
current study in trout are opposite to results found in adult zebrafish using similar dietary 
Se-Met concentrations and exposure duration (Pettem et al., 2017). Whether differences 
are due to species sensitivity differences or warm versus cold-water fish is debatable. 
Chapman (2007) argued that cold-water fish species, including white sucker (Catostomus 
commersoni), northern pike (Esox lucius), and trout (cutthroat, brook, rainbow trout) 
have higher tolerances to Se taken up via dietary sources than warm-water fish species. 
However, since opposite results, not just a difference in sensitivity were observed, this 
may instead indicate a fundamental species difference between zebrafish and trout in 
their cardiac response to Se-Met exposure. While the cardiotoxic response in zebrafish 
was maladaptive (e.g. decreased cardiac output), the results of the present study in trout 
were instead highly adaptive since trout in the highest exposure group had greater stroke 
volume, ejection fraction and cardiac output. This would result in greater blood being 
delivered to the gills, thus increasing the amount of oxygen and nutrients being delivered 
to tissues (Olson and Farrell, 2006). This result of increased cardiac output is consistent 
with the expected physiological response to an increase in metabolic demand 
(MacKinnon and Farrell, 1992). Previous studies from our group exposed zebrafish to 
similar Se-Met concentrations and observed significant increases in oxygen consumption 
(MO2), and reduced swim performances (Ucrit), leading to reduced aerobic capacity 
(Thomas and Janz, 2011; Thomas et al., 2013). While we do not know whether rainbow 
trout oxygen consumption was similarly increased since the trout were too big for our 
swim tunnel respirometry equipment, we can say that the observed cardiac response 
would be consistent if metabolic demand were increased after Se-Met exposure in trout. 
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The increased cardiac output observed in the current study in rainbow trout exposed 
to the highest dietary level of Se-Met was not due to a change in heart rate (in fact atrial 
rate significantly decreased, while ventricular rate was unchanged). While the ratio of 
atrial to ventricular rates was not significantly different among groups, no clear trend in 
cardiac hERG expression was noted, with a significant increase in mRNA transcript 
abundance noted only in the lowest Se-Met exposure group where no functional changes 
were observed. Lower hERG expression has been reported to cause impairment of 
conduction through the atrioventricular node in fish (Langheinrich et al., 2003; Brette et 
al., 2017), but the effects of a higher hERG expression is unclear. 
The increased cardiac output after exposure to the highest dietary Se-Met instead 
arose from an increase in stroke volume in the current study. While neither EDV nor ESV 
were significantly affected by treatment, there was a non-significant trend for EDV to 
increase suggestive of better diastolic filling. A significant increase in SERCA heart 
mRNA transcript abundance was observed in the highest Se-Met group in this study. The 
SERCA gene is crucial for relaxation of cardiac muscle by removing intracellular 
calcium to facilitate diastolic relaxation (Korajoki and Vornanen, 2012; Keen et al., 
2017). Thus increased SERCA expression would allow the heart to resequester calcium 
and relax faster, leading to longer periods in diastole, consistent with improved diastolic 
filling (Keen et al., 2017). Further support for improved diastolic filling comes from the 
observation in this study of a significant increase in passive filling of the ventricle 
(increased passive AV Doppler velocity and increased passive/active AV velocity ratio). 
This led to the hypothesis that high dietary Se-Met was causing the ventricle to become 
more compliant.  
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The hypothesis was supported by the observed significant 3-fold increase in MMP9 
and decrease in SERPINH heart mRNA transcript abundance in the highest 47.8 μg Se/g 
d.m. exposure group. MMPs are a class of proteolytic enzymes that have important 
vascular and cardiac remodeling properties (Seliktar et al., 2001; Cawston and Young, 
2010). In contrast, SERPINH is a stress inducible protein in the endoplasmic reticulum 
that plays a major role as a molecular chaperone and is essential for the post-translational 
folding of fibril-forming collagens (Rocnik et al., 2002). While increases in SERPINH 
concentrations are associated with increases in extracellular matrix formation, which can 
lead to an increase in fibrotic diseases in the mammalian heart (Rocnik et al., 2002), the 
observed decrease in cardiac SERPINH would decrease collagen content. Concurrent 
with increased collagen turnover through increased MMP9, the results of the current 
study strongly suggest the rainbow trout heart responds to high dietary Se-Met by 
decreasing ventricular compliance, promoting increased diastolic filling and improving 
cardiac output. These series of findings are in direct contrast to that of a previous study 
from our group using similar Se-Met concentrations in zebrafish, where a significant 
decrease in MMP2 was observed, leading to an increase in ventricular fibrosis and 
decreased cardiac output (Pettem et al., 2017). The reported anti-fibrotic cardiac changes 
observed in the current study in rainbow trout exposed to high dietary Se-Met resemble 
what has been reported previously in response to warm temperature acclimation in the 
same species (Keen et al., 2017). Of note is the fact that zebrafish cardiac remodeling in 
response to thermal acclimation is opposite to that of rainbow trout (Keen et al., 2017), 
confirming the tendency for opposite cardiac remodeling responses between these two 
species in response to different stimuli. 
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3.5.2 Alterations in energy stores and intermediary metabolic enzymes  
While altered cardiac function was suggestive of increased metabolic demand in 
rainbow trout exposed to high dietary Se-Met, hepatic levels of stored energy 
(triglycerides and glycogen) were instead elevated in trout fed ≥15.8 μg Se/g d.m. This 
threshold to cause increased triglyceride and glycogen in Se-Met-exposed rainbow trout 
is similar to that observed in previous adult zebrafish studies (Thomas and Janz, 2011; 
Thomas et al., 2013; McPhee and Janz, 2014; Pettem et al., 2017) and various small-
bodied fish species collected from Se impacted sites (Bennett and Janz, 2007; Kelly and 
Janz, 2008; Goertzen et al., 2012). In contrast to previous studies where energy storage 
molecules in whole body homogenate were examined, trout were large enough to 
measure individual organ levels of triglycerides and glycogen. While liver stores were 
elevated, there were no significant differences in skeletal or cardiac muscle energy stores 
among treatments. Whether the increased energy stores in liver after Se-Met exposure in 
the current rainbow trout study was sufficient to produce an increase in whole body stores 
is not clear since whole body homogenate was not measured in this study. Alternatively, 
it may be the effect of excess dietary Se-Met has an effect restricted to just a single organ 
unlike small-bodied fish in our previous studies where a more wide-spread increase in 
energy stores in multiple organs led to increased levels in whole body homogenate. 
Future studies should address this issue. 
In order to elucidate mechanisms of metabolic dysfunction, mRNA expression of key 
aerobic energy metabolizing enzymes, citrate synthase (CS) and β-hydroxyacyl 
coenzyme A dehydrogenase (HOAD) were measured. HOAD is an important 
mitochondrial enzyme involved in β-oxidation of fatty acids, whereas CS is a key enzyme 
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involved in the citric acid cycle and is used as an index of aerobic metabolic activity 
(Rajotte and Couture, 2002). Previous studies have identified altered liver and whole-
body enzyme activities of both CS and HOAD in yellow perch (Perca flavenscens), 
fathead minnow (Pimephales promelas), and spottail shiner (Notropis hudsonius) after 
exposure to environmental pollutant stressors (Rajotte and Couture 2002; Goertzen et al., 
2011, 2012). In the present study, elevated dietary Se-Met exposure resulted in 
significant down-regulation of liver CS mRNA transcript abundance from trout exposed 
to ≥15.8 μg Se/g d.m. This decrease in mRNA would be expected to decrease aerobic 
metabolic activity, providing a potential explanation for the observed significant increase 
in hepatic glycogen and triglycerides in our Se-Met exposed fish. In contrast, the highest 
Se-Met exposure group had greater CS mRNA transcript abundance in skeletal muscle 
tissue, while no change in cardiac CS abundance was noted. A significant up-regulation 
of liver HOAD mRNA transcript abundance was also observed in the highest Se-Met 
exposed treatment. If HOAD mRNA was translated proportionately to HOAD protein in 
liver, an increase in fatty acid oxidation and depletion of hepatic triglyceride stores would 
be expected, but instead the opposite effect was observed. In skeletal muscle, a decreased 
mRNA transcript abundance of HOAD was observed in the 6.4 μg Se/g d.m. group, an 
effect expected to increase triglyceride content. However, the triglyceride levels were 
unchanged by treatment in skeletal muscle. Taken together, changes in mRNA expression 
of hepatic CS may correlate to the observed increases in hepatic glycogen and 
triglyceride content. Otherwise, changes in HOAD expression in all tissues or changes in 
CS expression in skeletal muscle are inconsistent with the lack of change in glycogen and 
triglyceride levels observed in these other tissues. The accumulation of fatty acids 
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specifically in the liver after high dietary exposure to Se agrees with a previous rat study 
using 6 weeks of daily oral selenite administration, an effect associated with impaired 
glucose handling (Wang et al., 2014).  
3.5.3 Glucose tolerance, methylglyoxal, oxidative stress, cataracts and behavioural 
alterations  
To determine if excess Se was causing glucose intolerance in the rainbow trout in this 
study, an intraperitoneal glucose tolerance test (GTT; standard clinical test for diabetes in 
mammals) was performed. The failure of blood glucose to return to baseline at 48 hr after 
glucose challenge in rainbow trout fed 47.8 μg Se/g d.m. for 60 d indicates that this level 
of Se-Met exposure produced glucose intolerant fish. While past literature indicates that 
Se deficiency may contribute to the progression of type 2 diabetes (T2D) in mammals 
(Kljai and Runje, 2001), with adequate Se supplementation, the risk of T2D is diminished 
(Park et al., 2012). However, increasingly both rodent and human studies suggest an 
excess of Se may similarly produce a T2D-like state (Rasekh et al., 1991; McClung et al., 
2004; Stranges et al., 2007; Bleys et al., 2007; Laclaustra et al., 2010; Wang et al., 2008; 
Mueller et al., 2008; Mueller et al., 2009; Stranges et al., 2010, 2011; Labunsky et al., 
2011; Zeng et al., 2012; Liu et al., 2012; Wang et al., 2014), although no literature exists 
for fish.  
Some reactive oxygen species are required for proper insulin signaling, but an imbalance 
caused by excess Se toward a more pro-oxidant oxidative stress state is suggested to 
mediate this change in insulin sensitivity, with selenoprotein P and glutathione 
peroxidase inactivation by ROS being key triggers (Steinbrenner, 2013; Wang et al., 
2014). In the current study, mRNA transcript abundance of heart GST-pi class and 
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GPX1A were significantly down-regulated, while up-regulated in both liver and skeletal 
muscle of the highest exposure group. Since catabolism of Se-Met has been reported to 
cause oxidative stress in fish (Palace et al., 2004), this suggests the heart may have been 
particularly vulnerable to increased damage from ROS (Xia et al., 2004; Musaro et al., 
2010). A previous study reported a link between the potential for ROS to influence 
extracellular matrix remodelling through the activation of MMPs (Spinale, 2002). In the 
normal healthy myocardium, MMPs are expressed at very low levels but are substantially 
upregulated in congestive heart failure (Spinale, 2002). ROS can change overall collagen 
and fibroblast synthesis, but can also increase MMP expression (Spinale, 2002), and 
treatment using ROS scavengers can help reduce detrimental cardiac remodelling in 
mammals (Byrne et al., 2003). 
Moreover, hyperglycemia is known in mammals to cause excess production of the toxic 
glucose metabolite, methylglyoxal (Desai et al., 2010; Adolphe et al., 2012; Kalapos, 
2013). To our knowledge, this is the first report that methylglyoxal is not only 
measurable in any fish species, but also that increased levels are associated with glucose 
intolerance, similar to that reported in human diabetics (Desai et al., 2010; Kalapos, 
2013). Methylglyoxal, being a reactive carbonyl, also increases oxidative stress as well as 
covalently modifying macromolecules to cause dysfunction and acting as a precursor for 
advanced glycation end products that cause cataracts in humans (Desai et al., 2010; 
Kalapos, 2013). The observation that trout in the highest Se-Met exposure group 
developed cataracts agrees well with previous studies reporting cataracts in rats exposed 
to selenite (Shearer et al., 1983) or fish from a high Se environment at Belews Lake, 
North Carolina (Lemly, 2002). Selenium has been shown through confocal X-ray 
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synchrotron-based fluorescent imaging to preferentially accumulate in the eye lens in 
zebrafish (Choudhury et al., 2015). In addition, adult zebrafish vision has been 
investigated using behavioural assays, and adults fed with Se-Met spiked diets exhibited 
reduced escape responses and their F1 progeny had smaller eyes and fewer positive 
responses in phototaxis, oculomotor and optokinetic response assays (Raine et al., 2016). 
Glutathione peroxidases (GPX1 and GPX3; both selenoproteins) found in the eye (Pirie, 
1965) normally protect the lens from oxidative damage (Flohe, 2005), but a previous 
study reported excess Se caused decreased anti-oxidants and increased oxidative damage 
in the eye (Combs and Combs, 1986). The relevance of cataracts with excess Se-Met is 
supported by our qualitative observation of prolonged feeding behaviour. Trout exposed 
to high dietary Se-Met clearly were having difficulties finding their food, which could 
potentially lead to decreased survival in wild fish exposed to similar selenium levels. 
3.6 Conclusion  
In conclusion, the present study was able to demonstrate that chronic exposure to 
environmentally relevant concentrations of dietary Se-Met can alter overall 
cardiovascular function, impair energy homeostasis, cause glucose intolerance and 
hyperglycemia, increase levels of the toxic glucose metabolite, methylglyoxal, and cause 
cataracts that lead to behavioural changes in juvenile rainbow trout. Se-Met exposure 
caused significant increases in stroke volume, ejection fraction and cardiac output, 
consistent with decreased cardiac compliance and an adaptive physiological response in 
the trout heart. In addition to the direct physiological effects, Se-Met produced effects at 
the cellular level, causing up-regulation of key cardiac remodeling genes (MMP9), and 
down-regulation of fibril forming collagens (SERPINH) and metabolic (CS) gene 
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expression. Based on the results of this study, a proposed adverse outcome pathway is 
summarized in Figure 3.8. Overall, these effects would alter the aerobic capacity of fish, 
impair their ability to find food and have potential ecological consequences on overall 
fitness. 
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Figure 3.8. Hypothesized adverse outcome pathway (AOP) linking dietary selenomethionine exposure with increased cardiac function 
and adverse metabolic toxicity. Lighter, yellow coloured boxes represent changes that are assumed, but were not directly measured. 
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CHAPTER 4 
4.0 GENERAL DISCUSSION  
4.1  Project Rationale and Summary  
Selenium has proven to be a contaminant of growing concern. It has been shown in 
numerous field and laboratory experiments to cause different toxic effects to not only 
fish, but also birds and amphibians. Although there is potential for aqueous Se to cause 
toxicity, in Se-contaminated aquatic environments diet has proven to be the major route 
of exposure. In addition, the maternal transfer of Se to eggs and embryo-larval fish 
through vitellogenesis and yolk sac resorption has been shown to cause F1 generational 
toxicities. Because of this, not only are adults and developing embryos at risk, but future 
offspring as well. This can cause a cascade of effects, potentially leading to an entire 
collapse of a population or even ecosystem. The adverse effects that high Se exposures 
can have on species health are not only well documented in laboratory experiments, but 
are also evident in numerous case studies, such as the Kesterson disaster and the Belews 
Lake tragedy. In the mid-80s, thousands of birds and fish were found severely deformed 
or dead in the Kesterson National Wildlife Refuge, following large-scale 
bioaccumulation of Se from agricultural runoff (Presser, 1994). This had huge 
environmental ramifications, including the abandonment of 100,000 acres of once 
irrigated farmland in the San Joaquin Valley (Moore et al., 1990). Belews Lake, North 
Carolina was severely contaminated with Se by wastewater from a coal-fired power 
upstream in the 1970s and 20 resident fish communities were tracked for over two 
decades. Among the consequences seen due to chronic Se poisoning were huge numbers 
of dead or deformed fish and corneal cataracts (Lemly, 2002). Replicating dietary 
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exposures to organic Se in the form of Se-Met in laboratory experiments has been 
demonstrated to cause greater mortality and deformities, impair the physiological stress 
response, alter swimming performance, aerobic metabolism, and cause metabolic 
dysfunction (Teh et al., 2004; Tashjian et al., 2006; Thomas and Janz, 2011; Wiseman et 
al., 2011b; Thomas et al., 2013). Although the toxic effects of dietary Se-Met exposure 
are well known, there is a lack of laboratory research investigating the potential 
cardiovascular effects of elevated Se exposure. In addition, while the majority of 
knowledge surrounding Se toxicity stems from juvenile and larval fish studies, less is 
known surrounding the overall toxic effects to adult fish species. Therefore, the overall 
objective of this thesis was to further characterize the sub-lethal effects of chronic dietary 
Se-Met exposure, by investigating the potential cardiovascular and metabolic 
consequences in both adult zebrafish and rainbow trout.  
The most notable findings of this study were that environmentally relevant dietary 
Se-Met exposure can disrupt normal cardiovascular function and impair energy 
homeostasis in both adult zebrafish and juvenile rainbow trout. However, the 
cardiovascular effects seen varied substantially between species. While Se-induced 
cardiotoxicity was seen in zebrafish with reduced stroke volume, ventricular contractile 
rate, and most prominently a decrease in cardiac output, the opposite trend was seen in 
juvenile (yearling) rainbow trout exposed to similar concentrations of dietary Se-Met. 
Rainbow trout had increased stroke volume, increased ejection fraction, and an increase 
in cardiac output. The failure of blood glucose to return to baseline at 48 hr after glucose 
challenge in rainbow trout fed 47.8 μg Se/g d.m. for 60 d indicates that this level of Se-
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Met exposure produced glucose intolerant fish.  Both fish also experienced significant 
alterations in bioenergetic status and variations at the mRNA cellular level. 
4.2  Comparison Between Adult Zebrafish and Juvenile Rainbow Trout Dietary 
Se-Met Exposures 
 
4.2.1 Selenium concentrations  
The majority of Se exposure occurs through the diet via its organic form, Se-Met, 
which easily bioaccumulates in aquatic food webs (Fan et al., 2002). The ease for Se to 
bioaccumulate at the base of the food web is an area of concern as dietary 
organoselenium progresses through consumers at higher trophic levels, who integrate 
these seleno-amino acids into proteins, resulting in high concentrations of Se in upper 
predatory species, including fish (Furr et al., 1979; Hamilton, 2004). Fishes previously 
collected from Se contaminated sites had upwards of 80% of total Se in the form of Se-
Met (Phibbs et al., 2011; Franz, 2012). Therefore, for the purpose of my thesis I spiked 
Se-Met into commercially available fish food, and chronically exposed both rainbow 
trout and zebrafish.  
In both experiments, Se concentrations were significantly greater than the control 
diets and were observed to cause a downstream cascade of effects, although slightly 
different between species. Commercially available flake food and trout pellets were 
spiked with Se-Met for both the zebrafish and rainbow trout experiments, respectively. 
The control diets were made by replicating the spiking methods, without the addition of 
Se-Met and their concentrations were both minimal and deemed acceptable to be 
background control levels (1.1 and 1.3 μg Se/g d.m, respectively). Toxicity has been 
shown to occur at concentrations exceeding 3 μg/g d.m. in fishes (Janz, 2012), therefore 
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these concentrations can be considered Se-normal. Zebrafish morphometrics did not 
change in relation to diet, but whole body Se concentrations increased in a dose 
dependent manner. This however did not come as a surprise. Due to the structural 
similarity between Se-Met and the amino acid methionine, Se-Met can avoid 
biotransformation and be directly integrated into any methionine-containing protein 
(Suzuki and Ogra, 2002). Because of this, we see in a dose-dependent manner increasing 
concentrations of Se-Met in tissues with high rates of protein synthesis including the 
liver, kidney, skeletal muscle, gonads as well as erythrocytes (Schrauzer, 2000). This was 
also seen in the rainbow trout, as muscle Se concentrations steadily rose over the 60 day 
exposure period, clearly showing the ability for bioaccumulation. In rainbow trout, a 
significant decrease in body weight in the 6.4 μg/g d.m. treatment group, a significant 
increase in hepatosomatic index, and a large number of fully developed cataracts in the 
highest 47.8 μg/g d.m  group were observed, but no other morphometric differences were 
observed. There are varying results on morphometric changes in response to dietary Se-
Met exposure, including increased mass and length in juvenile rainbow trout, no changes 
between treatments in zebrafish, and decreased mass and length in juvenile Sacramento 
splittail (Teh et al., 2004; Vidal et al., 2005; Thomas et al., 2013). Morphometrics are 
therefore not a reliable sub-lethal endpoint to compare in dietary Se-Met exposures. 
Following 90 day exposure, whole body zebrafish Se concentrations ranged from 0.7 to 
9.2 μg/g d.m. and rainbow trout muscle Se concentrations following 60 day exposure 
ranged from 2.9 to 74.3 μg/g d.m. These concentrations were both above the 2016 United 
States Environmental Protection Agency (USEPA) muscle tissue criterion of 11.3 µg 
Se/g d.m. (USEPA, 2016). Aqueous Se was measured to make sure levels were not 
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affecting the overall route of exposure, and concentrations were found to be negligible 
between treatments, ranging from 0.40 μg/L in the control tank to 0.42 μg/L in the 
highest exposure group. This reinforced that any experimental results seen can solely be 
based on ranging spiked Se-Met diets.  
4.2.2 Cardiovascular implications  
Cardiac function was significantly affected by chronic dietary Se-Met exposure in 
both adult zebrafish and juvenile (yearling) rainbow trout, although with varying results. 
In the first experiment, the most prominent finding was that exposure to environmentally 
relevant concentrations of dietary Se-Met significantly reduced stroke volume, 
ventricular contractile rate and cardiac output. These results follow trends seen in 
previous polycyclic aromatic hydrocarbon (PAH) exposure studies, where bradycardia 
and arrhythmias characteristic of AV blockade were observed in both zebrafish 
(Incardona et al., 2004; Zhang et al., 2013) and pacific herring (Clupea pallasii) embryos 
(Incardona et al., 2009). In addition, studies using zebrafish embryos have shown altered 
Ca2+ handling in the heart, causing ventricular arrhythmias following the exposure to 
PAHs (Zhang et al., 2013; Gerger et al., 2015). This however, was one of the first studies 
to non-invasively look at the cardiotoxic effects of chronic Se exposure to adult fish in 
vivo. Previous studies exposed zebrafish to similar dietary Se-Met concentrations and 
observed significant increases in oxygen consumption (MO2), and reduced swim 
performance (Ucrit), which were interpreted as reduced aerobic capacity (Thomas and 
Janz, 2011; Thomas et al., 2013). Cardiac activity is normally regulated in response to 
changes in oxygen supply and demand. Thus, greater cardiac output would be predicted 
in the elevated Se-Met exposed zebrafish based on higher oxygen demand, whereas we 
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instead observed reduced cardiac output in the 28.8 µg Se/g d.m. treatment. The 
underlying reasons behind this cardiotoxicity may have been attributed to the ventricular 
fibrosis observed. The significant increase in echodensity at the junction between the 
atrium and ventricle surrounding the AV valve, coupled with the significant down-
regulation of heart MMP2 mRNA transcript abundance, could lead to increased fibrosis 
or stiffening at the AV valve. These taken together could have led to the cardiotoxicity 
observed.  
Interestingly, in the second experiment using juvenile (yearling) rainbow trout, this 
impaired cardiovascular response was not seen with comparable study conditions. 
Although this study design had a shorter exposure period (60 days), the Se-Met 
concentrations were slightly greater. The most notable findings of this study were that 
rainbow trout exposed to dietary Se-Met had significantly increased stroke volume, 
ejection fraction and cardiac output. These results are almost directly opposite to those 
seen in the previous zebrafish exposure. It is known that zebrafish are one of the most 
sensitive fish species to Se exposure, but it is perplexing to see just how varying these 
results were between species. Whether this is due to species sensitivity differences or 
warm vs cold water fish is unclear. As mentioned in chapter 3, Chapman (2007) provides 
evidence that cold-water fish species, including northern pike (Esox Lucius), white sucker 
(Catostomus commersonii), and trout [rainbow (Oncorhynchus mykiss), cutthroat 
(Oncorhynchus clarkia), brook (Salvelinus fontinalis)] have greater tolerance to dietary 
Se than warm-water fish species. This means that at higher Se concentrations, similar 
cardiotoxicity results as previously seen in zebrafish could have been observed. However, 
this emphasizes the narrow margin between essentiality and toxicity with Se, as the 
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present study could argue that Se supplementation was considered beneficial to the 
cardiovascular system, as juvenile rainbow trout in the highest exposure group had 
greater stroke volume, ejection fraction and cardiac output. This would result in greater 
blood being ejected, thus increasing the amount of oxygen and nutrients being delivered 
to tissues (Olson and Farrell, 2006), compared to the results seen in the zebrafish 
experiment which would have resulted in insufficient oxygen and nutrients being 
delivered to tissues, causing further physiological impairment. In addition, no ventricular 
fibrosis was observed as was seen in the zebrafish experiment. This could have been 
attributed to the observed increase in cardiac MMP9 and decrease in cardiac SERPINH 
mRNA transcript abundance. At the cellular level, this anti-fibrotic response could help 
protect the heart from laying down collagen deposits around the valve. These deposits 
can cause narrowing at the opening of the valve and would lead to inadequate blood 
movement through the chambers and a systemic reduction in overall blood flow. 
However, due to the anti-fibrotic response seen in this experiment, the valves may be 
protected and perhaps even considered improved. Furthermore, a significant increase in 
SERCA heart mRNA transcript abundance was seen. This gene is crucial for relaxation 
and contraction of cardiac muscle, triggering and sustaining calcium propagation waves 
(Korajoki and Vornanen, 2012). Perhaps due to this protection against fibrosis, there was 
an observed increase in stroke volume and ejection fraction in the highest exposure 
treatment. This would mean a greater volume of blood is being ejected with each 
individual heartbeat, allowing for greater delivery of oxygen and nutrients to tissues. This 
increase in ejection fraction would mean the heart is actually working more effectively 
when compared to the control fish. Whether this is an adaptive response due to the 
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increase in oxygen consumption (MO2), as seen in previous zebrafish studies (Thomas 
and Janz, 2011; Thomas et al., 2013), or if excess Se concentrations may be considered 
beneficial to the cardiovascular system is unclear, and further studies are warranted. 
The differences seen here could be attributed to relative species sensitivity or it could 
be as simple as the differences in exposure temperature. Zebrafish, which were reared at 
28°C, are known to be one of the most sensitive fish species to Se toxicity with egg Se 
larval deformity toxicity thresholds (EC10s) of 7 µg Se/g d.m. (Thomas and Janz., 2015). 
This is compared to the 12°C reared rainbow trout, which have a reported EC10 value of 
21.1 (Holm et al., 2005). As is known, the solubility of oxygen decreases with increased 
water temperature, meaning that there would be greater dissolved oxygen available for 
the rainbow trout than there would be for the zebrafish. Temperature can also affect 
overall metabolic rate in ectotherms and in particular, teleost fish (Johnston and Dunn, 
1987). As body temperature decreases, changes in the enzymatic activity of the cell will 
produce a reduction in metabolic activity. This reduction in metabolic activity would not 
only mean a reduction in the detoxification processes of the rainbow trout, but could also 
reduce the actual uptake and metabolic effects of Se. The high rate of metabolism in the 
warm-water zebrafish would mean greater metabolic activity and utilization of these 
seleno-amino acids, such as Se-Met. Future work could consider raising multiple 
replicates of fish at different temperatures and see how temperature alone can affect Se 
toxicity. 
4.2.3 Bioenergetics  
In addition to the cardiovascular effects observed, elevated levels of stored energy 
(triglycerides and glycogen) were detected in exposed fish. It has been well documented 
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in lab and field experiments that Se can affect fish energy storage capacity, and my two 
experiments found similar results. Rainbow trout had significantly greater liver 
triglyceride and glycogen concentrations in the 15.8 and 47.8 µg Se/g d.m. treatment 
groups when compared to the controls. While size was limiting the ability to measure 
liver energy levels in zebrafish, significantly greater whole body glycogen stores were 
observed in the high exposure group. These elevated energy stores followed trends seen 
in similar studies (Thomas and Janz, 2011; Thomas et al., 2013; Pettem et al., 2017). 
These changes could be due to impaired energy homeostasis, caused by modifications of 
aerobic and metabolic enzyme activities (McGeer et al., 2000; Scott et al., 2002). In order 
to investigate potential mechanisms of metabolic dysfunction, mRNA transcript 
abundance of key aerobic energy metabolizing enzymes, citrate synthase (CS) and β-
hydroxyacyl coenzyme A dehydrogenase (HOAD) were determined. Citrate synthase is 
the rate-limiting enzyme in the citric acid cycle and is most often used as an indicator of 
tissue aerobic scope. In the zebrafish study, elevated dietary Se-Met exposure resulted in 
significant up-regulation of liver CS mRNA transcript abundance in the 28.8 µg Se/g 
d.m. treatment group. This was contrasted by the results seen in the rainbow trout study, 
where a significant down-regulation of liver CS mRNA transcript abundance was seen in 
the 15.8 and 47.8 µg Se/g d.m. treatment group. HOAD is a key enzyme involved in 
triglyceride catabolism and a significant down-regulation of both liver and muscle 
HOAD mRNA transcript abundance was observed in both elevated dietary Se-Met 
treatments in zebrafish. This was contrasted once again by a significant up-regulation of 
liver HOAD mRNA transcript abundance in the 47.8 µg Se/g d.m. treatment group in the 
rainbow trout exposure. While the overall trend of increased energy stores did not change 
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between species, it is interesting to note these changes seen at the cellular level. This shift 
at the cellular level could once again bring up the debate between species sensitivity 
differences vs the effects of exposure temperatures. Temperature would play a pivotal 
role in overall aerobic and metabolic demand, however no significant differences were 
seen between species at the overall metabolic level. Further studies should examine 
expression or activity of intermediary metabolism enzymes such as glycogen 
phosphorylase and glycogen synthase in Se-Met treated fish to address this question.  
4.2.4 Molecular and cellular responses  
The goal as toxicologists is to evaluate the overall effects of toxicants and how they 
may relate to real world applications. While mortalities are sought after data for 
regulators and risk assessors, this endpoint is too far down the scale of effects. At this 
point, it is already too late. We should try to avoid relying on pure mortality/survivability 
results, and instead identify sub-lethal toxicity endpoints that would otherwise go 
unnoticed until they inevitably stack up and cause lethality. These sub-lethal endpoints 
can range from morphometric data (length, weights etc.) to behavioural studies, but one 
of the more up and coming sub-lethal endpoint is looking at gene expression at the 
cellular level. The cost of gene expression work has drastically dropped and has become 
readily available to most researchers. By looking at the mRNA abundance in tissues we 
can see at the cellular level what the organism is mounting for a defense against a 
potential toxicant. This can be great, but must be taken with a grain of salt, as mRNA 
transcript abundance is just a “snapshot” of what is happening at the cellular level. Just 
because an organism has up/down-regulated the abundance of mRNA, doesn’t mean that 
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it will lead to a 1:1 protein formation. For this reason, mRNA data can be considered 
insightful, but shouldn’t be treated as absolute.  
In my thesis, mRNA abundance was used to supplement the metabolic and 
cardiovascular results seen. It was able to provide insight into what was happening at the 
cellular level to explain what was observed at the physiological level. As previously 
mentioned, the leading hypothesis surrounding Se’s ability to exert its toxic effects 
results from Se-induced oxidative stress. Se metabolism leads to the formation of redox 
reactive intermediates, which react with glutathione and generate toxic hydrogen 
peroxide, superoxide anions and hydroxyl radicals (Spallholz et al., 1994; Spallholz et al., 
2001). When the production of these toxic reactive oxygen species (ROS) overwhelms 
the endogenous cellular defense mechanisms, oxidative stress will occur. The damage 
caused by ROS can include lipid peroxidation, DNA oxidation, proteolysis and cellular 
apoptosis. In order to protect cellular macromolecules from ROS damage, organisms 
have developed numerous antioxidant defense mechanisms, however exposure to toxic 
contaminants can overwhelm their abilities leading to an oxidized environment, rather 
than the desired reduced state. As the cardiovascular system is known to be particularly 
susceptible to oxidative stress, investigating antioxidant mRNA abundance can be a 
useful biomarker of oxidative damage caused by contaminant exposure. 
In order to investigate this underlying oxidative stress hypothesis, specific mRNA 
markers of interest were investigated in both adult zebrafish and rainbow trout. mRNA 
transcript abundance of heart GST-pi class was significantly down-regulated, without any 
change seen in GPX1A expression in zebrafish exposed to 10.3 µg Se/g d.m. Since 
catabolism of Se-Met has been reported to cause oxidative stress in fish (Palace et al., 
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2004), we would predict an upregulation of GST-pi if the zebrafish heart was able to 
compensate for oxidative stress. Since GST-pi instead decreased in cardiac tissue, but not 
liver, this suggests the heart may have been particularly vulnerable to increased damage 
from reactive oxygen species. Looking at the rainbow trout results reinforces this 
statement. mRNA transcript abundance of GST, GPX1A and CAT were down-regulated 
in heart tissues, but upregulated in liver tissues, indicating that the liver may be able to 
mount protection, while the heart remains susceptible to oxidative stress. Previous studies 
have shown that oxidative stress has the potential to modify muscle structure and the 
release of calcium from the sarcoplasmic reticulum (Xia et al., 2004; Musaro et al., 
2010). These taken together can impair overall muscle function, including the potential to 
impair cardiac myofibrils that will lead to altered cardiovascular function. Interestingly, 
previous studies have shown that oxidative stress can down-regulate the mRNA 
abundance of protein tyrosine phosphatase 1B (PTB 1B) (Chiarugi, 2005). This reduction 
was also seen in a zebrafish study using similar Se-Met concentrations, reinforcing the 
potential for Se to cause oxidative stress (Thomas et al., 2013). This enzyme plays a role 
in cell migration and angiogenesis (Sallee et al., 2006), but more recently a study has 
shown that PTB 1B inhibition may also reduce cardiac dysfunction (Thiebaut et al., 
2016). If this enzyme inhibition was present in the rainbow trout study, and not in the 
zebrafish, it could provide insight into what was occurring at the cellular level. Both 
studies seem to indicate that oxidative stress plays a role in Se toxicity, and while the 
liver is able to upregulate its protection, the heart remains susceptible. As previously 
mentioned, mRNA abundance is able to provide some insight but future studies should 
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investigate the changes at the enzyme activity level following chronic exposure to dietary 
Se. 
4.2.5 Diabetic complications  
Although not initially part of my proposal, the link between Se supplementation and 
the incidence of type 2 diabetes (T2D) captivated my interest. Previous studies from our 
lab consistently reported elevated energy stores following Se-Met exposure, however 
proved unable to utilize these stores as shown by a reduced swimming performance 
(Thomas and Janz, 2011; McPhee and Janz, 2014). In addition, these fish had increases in 
oxygen consumption rates (MO2). By evaluating the cardiovascular effects of chronic Se-
Met exposure, I was hoping to further shed the light on a sub-lethal Se-induced endpoint. 
One would expect that the cardiovascular system would respond to an increase in oxygen 
consumption, by increasing its overall cardiac output. This is normally a linear 
relationship. However, in Chapter 2, we observed a significant decrease in cardiac output, 
but consistent with previous studies, an increase in energy stores. Moving to a bigger fish 
in Chapter 3 allowed me to take non-terminal blood extractions. This opened up a whole 
new area to investigate. The link between Se supplementation and the incidence of type 2 
diabetes (T2D) has been the subject of debate for many years. While some studies 
indicate Se supplementation diminishes the risk of T2D (Park et al., 2014) and Se-
deficiency is associated with insulin resistance (Kljai and Runje, 2001), many other 
studies are reporting the opposite. We are increasingly seeing in both rodent and human 
studies, that an excess of Se may impair insulin sensitivity to produce a T2D-like state 
(Rasekh et al., 1991; McClung et al., 2004; Stranges et al., 2007; Bleys et al., 2007; 
Laclaustra et al., 2010; Wang et al., 2008; Mueller et al., 2008; Mueller et al., 2009; 
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Stranges et al., 2010, 2011; Labunsky et al., 2011; Zeng et al., 2012; Liu et al., 2012; 
Wang et al., 2014). In addition, hyperglycemia is known in mammals to cause excess 
production of the toxic glucose metabolite, methylglyoxal (Desai et al., 2010; Adolphe et 
al., 2012; Kalapos, 2013). To our knowledge, this is the first report that methylglyoxal is 
not only measurable in any fish species, but also that increased levels are associated with 
hyperglycemia and glucose intolerance, similar to that reported in human diabetics (Desai 
et al., 2010; Kalapos, 2013). Methylglyoxal, being a reactive carbonyl, also increases 
oxidative stress as well as covalently modifying macromolecules to cause dysfunction 
and acting as a precursor for advanced glycation end products that cause cataracts in 
humans (Desai et al., 2010; Kalapos, 2013). The observation that trout in the highest Se-
Met exposure group developed cataracts agrees well with previous studies reporting 
cataracts in rats exposed to selenite (Shearer et al., 1983) or fish from a high Se 
environment at Belews Lake, North Carolina (Lemly, 2002).  
While diabetes is a human disease term, it is safe to say that Se was able to cause 
insulin insensitivity or glucose intolerance in these rainbow trout exposed to high doses 
of Se-Met. Further studies are required. 
4.3 Conclusions  
In closing, my thesis was able to investigate the sub-lethal effects of chronic dietary 
Se exposure in two species of fish. The use of two species emphasized the need to 
characterize selenium’s toxicity in a wide range of organisms, as there are substantial 
differences in species sensitivity to Se. Cardiovascular function and energy homeostasis 
were investigated and proved to be effective sub-lethal endpoints.    
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Cardiovascular function was negatively impacted by chronic dietary Se-Met exposure 
in adult zebrafish, but had opposite results in juvenile rainbow trout. While ventricular 
fibrosis may be the underlying cause behind the cardiovascular dysfunction seen in 
zebrafish, an anti-fibrotic protective response was seen in trout. The differences seen here 
can also open up the discussion regarding warm vs cold water species sensitivity to Se, 
where future studies should investigate the role of exposure temperature on Se toxicity. 
Altered energy metabolism was seen in both species with increased stores of glycogen 
and triglycerides. My thesis was the first to investigate the cardiovascular effects of Se 
exposure in fish, and proved to be a non-lethal effective sub-lethal endpoint to 
investigate. Selenium altered cardiovascular function, impaired energy homeostasis, and 
caused visual and behavioural changes in both fish species. Overall, these effects would 
alter the aerobic capacity of fish and have potential ecological consequences on overall 
fitness. Additional research is clearly required to fully understand the biochemical, 
physiological and cellular mechanisms behind Se toxicity between fish species.  
The need to set environmental thresholds and benchmarks is clearly needed for 
regulators and government agencies. These “tipping points” represent the quantitative 
critical value, which if crossed, can have serious environmental impacts. The 2016 
USEPA whole body tissue guidelines for the protection of aquatic life states a maximum 
whole body value of 8.5 µg/g d.m. Looking at the results from my thesis, we can see 
minor effects in adult zebrafish at dietary levels as low as 10.3 µg/g d.m., and yearling 
rainbow trout at dietary levels as low as 15.8 µg/g d.m. When considering the potential 
environmental impact, it is always beneficial to set conservative thresholds, however 
these benchmarks may not represent the true value of risk. Regulators and industries must 
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adhere to these strict guidelines, regardless if they are realistic. Following the sublethal 
toxicities seen in my thesis, I believe the 2016 USEPA selenium guidelines represent a 
safe, realistic criterion for the protection of aquatic life. 
The work in my thesis has proven to be very important because sensitivity differences 
between fish species can lead to an inappropriate Se thresholds. More fish species are 
clearly needed to be tested, allowing for a wider scope of Se-induced toxicities. 
4.4 Future Considerations  
My thesis was successful in identifying a novel, sublethal endpoint involved in 
selenium-induced toxicities. High frequency cardiac biomicroscopy has proven to be an 
accurate non-invasive way to study fish health in vivo without having to sacrifice the test 
subject. Although the research involved in this thesis was considered as a success, there 
are areas that could be further investigated. 
In Chapter 2, I observed significant cardiotoxicity that was consistent with ventricular 
fibrosis and reduced cardiovascular performance. Previous work from our lab 
demonstrated that at similar doses, zebrafish accumulated similar metabolic energy 
stores. These fish however proved unable to utilize these resources as dictated by a 
reduced swimming performance and an increase in oxygen consumption following swim 
tunnel respirometry. While one would assume the fish would respond to an increase in 
oxygen consumption by increasing the overall cardiac output, this was not seen in our 
study. This comparison however was done between studies, and future studies should try 
to do cardiac ultrasonography and swim tunnel respirometry concurrently to have an 
accurate representation of the sublethal toxicities.  
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In Chapter 3, the rainbow trout tested at similar Se-Met diets demonstrated opposite 
cardiovascular results to that observed in the zebrafish. Comparing these two fish species 
demonstrated the vast species sensitivity differences Se can have. While the zebrafish is a 
warm water fish, tested at 28 °C, the rainbow trout is a cold-water fish, tested at 12 °C. 
While this significant 16 °C change in testing temperature could the sole reason for the 
significant changes in cardiovascular results, overall body size could have also played a 
part. While zebrafish are one of the most sensitive fish species, they are also one of the 
smallest in size. Future research should consider a range in temperature testing conditions 
to determine if temperature may play a factor in overall Se toxicity. As rainbow trout are 
known to be tolerant to temperatures as low as 9 °C and as high as 22 °C (Raleigh et al. 
1984), one could potentially test this species at incremental temperatures and measure the 
uptake and of Se. 
 118 
LIST OF REFERENCES 
 
Adolphe, J.L., Drew, M.D., Huang, Q., Silver, T.I., and Weber, L.P., (2012). Postprandial 
impairment of flow-mediated dilation and elevated methylglyoxal after simple but 
not complex carbohydrate consumption in dogs. Nutr. Res. 32, 278-284. 
Almeida, J.A., Novelli, E.L.B., Dal Pai Silva, M., and Alves Júnior, R. (2001). 
Environmental cadmium exposure and metabolic responses of the Nile tilapia, 
Oreochromis niloticus. Environ. Pollut. 114, 169–175. 
Andersson, D.C., Fauconnier, J., Park, C.B., Zhang, S.J., Thireau, J., Ivarsson, 
N., Larsson, N.G., and Westerblad, H. (2011). Enhanced cardiomyocyte Ca(2+) 
cycling precedes terminal AV-block in mitochondrial cardiomyopathy Mterf3 KO 
mice. Antioxid. Redox. Signal. 9, 2455-2464.  
Arai E., and Kanai Y., (2010). DNA methylation profiles in precancerous tissue and 
cancers:  carcinogenetic risk estimation and prognostication based on DNA 
methylation status. Epigenomics, 2, 467-481. 
Arnold, M.C., Forte, J.E., Osterberg, J.S., and Di Giulio, R.T., (2016). Antioxidant rescue 
of selenomethionine-induced teratogenesis in zebrafish embryos. Arch. Environ. 
Contam. Tox. 70, 311-320. 
Atencio, L., Moreno, I., Jos, A., Prieto, A.I., Moyano, R., Blanco, A., and Camean, A.M. 
(2008). Effects of dietary selenium on the oxidative stress and pathological changes 
in tilapia (Oreochromis niloticus) exposed to a microcystin-producing 
cyanobacterial water bloom. Toxicon. 53, 269-282. 
 119 
Baker, R.D., Baker, S.S., LaRosa, K., Whitney, C., and Newburger, P.E. (1993). 
Selenium regulation of glutathione peroxidase in human hepatoma cell line Hep3B. 
Arch. Biochem. Biophys. 304, 53-57. 
Bartoskova, M., Dobsikova, R., Stancova, V., Pana, O., Zivna, D., Plhalova, L., Blahova, 
J., and Marsalek, P. (2014). Norfloxacin – Toxicity for zebrafish (Danio rerio) 
focused on oxidative stress parameters. BioMed. Res. Int. 2014, Article ID 560235.  
Behne, D., Kyriakopoulos, A., Scheid, S., and Gessner, H., (1991). Effects of chemical 
form and dosage on the incorporation of selenium into tissue proteins in rats. J. 
Nutr. 121, 806–814. 
Bennett, P.M., and Janz, D.M. (2007). Bioenergetics and growth of young-of the-year 
northern pike (Esox lucius) and burbot (Lota lota) exposed to metal mining 
effluent. Ecotoxicol. Environ. Saf. 68, 1–12. 
Bleys, J., Navas-Acien, A., and Guallar, E., (2007). Selenium and diabetes: more bad 
news for supplements. Ann. Intern. Med. 147, 271-272. 
Berry, J.P., Gantar, M., Gibbs, P.D.L., and Schmale, M.C. (2007). The zebrafish (Danio 
rerio) embryos as a model system for identification and characterization of 
developmental toxins from marine and fresh water microalgae. Comp. Biochem. 
Physiol. C. Toxicol. Pharmacol. 145, 61-72.  
Brand, M., Granato, M., and Nüsslein-Volhard, C. (2002). Keeping and raising zebrafish. 
In: Nüsslein-Volhard, C., Dahm, R., (Eds.), Zebrafish. Oxford University Press, 
Oxford, pp. 7-37. 
 120 
Brette, F., Shiels, H.A., Galli, G.L., Cros, C., Incardona, J.P., Scholz, N.L., and Block, 
B.A., (2017). A novel cardiotoxic mechanism for a pervasive global pollutant. Sci. 
Rep. 7, 41476; doi: 10.1038/srep41476. 
Byrne, J.A., Grieve, D.J., Cave, A.C., and Shah, A.M., (2003). Oxidative stress and heart 
failure. Arch. Mal. Coeur. Vaiss. 96, 214-221. 
Cawston, T.E., and Young, D.A., (2009). Proteinase involved in matrix turnover during 
cartilage and bone breakdown. Cell. Tiss. Res. 339, 221-235. 
Chapman, P., (2007). Selenium thresholds for fish from cold freshwaters. Hum. Ecol. 
Risk. Assess. 13, 20-24. 
Chiarugi, P., (2005). Review PTPs versus PTKs: The redox side of the coin. Free Radic. 
Res. 39, 353-364.  
Choudhury, S. Thomas, J.K., Sylvain, N.J., Ponomarenko, O., Gordon, R.A., Heald, 
S.M., Janz, D.M., Krone, P.H., Coulthard, I., George, G.N., and Pickering, I.J., 
(2015). Selenium preferentially accumulates in the eye lens following embryonic 
exposure: a confocal x-ray fluorescence imaging study. Environ. Sci. Tech. 49, 
2255-2261. 
Cleveland, L., Little, E.E., Buckler, D.R., and Wiedmeyer, R.H., (1993). Toxicity and 
bioaccumulation of waterborne and dietary selenium in juvenile bluegill (Lepomis 
macrochirus). Aquat. Toxicol. 27, 265-280.  
Combs, G.F., and Combs, S.B., (1986). The role of selenium in nutrition. Orlando, 
Academic Press, Harcourt Brace Jovanovich, 265-326, 413-461. 
 121 
Cooke, S.J., Schreer, J.F., Wahl, D.H., and Philipp, D.P. (2010). Cardiovascular 
performance of six species of field-acclimatized centrarchid sunfish during the 
parental care period. J. Exp. Biol. 213, 2332-2342. 
Corrales, J., Thornton, C., White, M., and Willett, K. L. (2014). Multigenerational effects 
of benzo[a]pyrene exposure on survival and developmental deformities in zebrafish 
larvae. Aquat. Toxicol. 148, 16–26. Academic Press, Harcourt Brace Jovanovich, 
265-326, 413-461.  
Dangé, A.D., (1986). Changes in carbohydrate metabolism in tilapia, Oreochromis 
(Sarotherodon) mossambicus, during short-term exposure to different types of 
pollutants. Environ.Pollut. Series Ecol. Biol. 41, 165–177.   
Davis, C.D., Uthus, E.O., and Finley, J.W., (2000). Dietary selenium and arsenic affect 
DNA methylation in vitro in Caco-2 cells and in vivo in rat liver and colon. J. Nutr. 
130, 2903-2909. 
Desai, K. M., Chang, T., Wang, H., Banigesh, A., Dhar, A., Liu, J., Untereiner, A., and 
Wu, L., (2010). Oxidative stress and aging: is methylglyoxal the hidden enemy? 
Can. J. Physiol. Pharmacol. 88, 273-284. 
DiBello, L.V., Stout, W.F., and Roussos, L.A., (1995). Unified cognitive/psychometric 
diagnostic assessment likelihood based classification techniques. In P.D. Nichols, 
S.F.  Chipman, an R.L. Brennan (Eds.), Cog. Diag. Assess. 327–359.  
Dozmorov, M.G., Wren, J.D., and Alarcon-Riquelme, M.E., (2014). Epigenomic 
elements enriched in the promoters of autoimmunity susceptibility genes. 
Epigenetics. 9, 276-285. 
 122 
Elrashidi, M.A., Adriano, D.C., and Lindsay, W.L., (1989). Solubility, speciation and 
transformation of selenium in soils. In: Jacobs, L.W., (Eds.), Selenium in 
agriculture and the environment. American Society of Agronomy and Soil Science 
Society of America, Madison, WI, pp. 51-69.  
Espe, M., Rathore R.M., Du, Z.Y., Liaset, B., and El-Mowafi, A., (2010). Methionine 
limitation results in increased hepatic FAS activity, higher liver 18:1 to 18:0 fatty 
acid ratio and hepatic TAG accumulation in Atlantic salmon, Salmo salar. Amino 
Acids. 39, 449-460. 
Fan, T.W.-M., Teh, S.J., Hinton, D.E., and Higashi, R.M., (2002). Selenium 
biotransformations into proteinaceous forms by foodweb organisms of selenium 
laden drainage waters in California. Aquat. Toxicol. 57, 65–84. 
Fernandes, A.P., Wallenberg, M., Gandin, V., Misra, S., Tisato, F., and Marzano, C., 
(2012). Methylselenol formed by spontaneous methylation of selenide is a superior 
selenium substrate to the thioredoxin and glutaredoxin systems. PLoS ONE 7(11): 
e50727. doi:10.1371/journal.pone.0050727 
Flohe, L. (2005). Selenium, selenoproteins and vision. Dev. Ophthalmol. 38, 89-102. 
Franz, E.D., Wiramanaden, C.I.E., Janz, D.M., Pickering, I.J., and Liber, K., (2011). 
Selenium bioaccumulation and speciation in Chironomus dilutus exposed to water-
borne selenate, selenite, or seleno-DL-methionine. Environ. Toxicol. Chem. 30, 
2292–2299.  
Furr, A.K., Parkinson, T.F., Youngs, W.D., Berg, C.O., Gutenmann, W.H., Pakkala, I.S., 
and Lisk, D.J. (1979) Elemental content of aquatic organisms inhabiting a pond 
contaminated with coal fly ash. NY Fish Game J. 26, 154 –161.  
 123 
Gamperl, A.K., Swafford, B.L., and Rodnick, K.J. (2011). Elevated temperature, per se, 
does not limit the ability of the rainbow trout to increase stroke volume. Therm. 
Biol. 36, 7-14. 
Gerger, C.J., and Weber, L.P., (2015). Comparison of the acute effects of benzo-a-pyrene 
on adult zebrafish (Danio rerio) cardiorespiratory function following 
intraperitoneal injection versus aqueous exposure.  Aquat. Toxicol. 165, 19-30.  
Gerger, C.J., Thomas, J.K., Janz, D.M., and Weber, L.P., (2015). Acute effects of beta-
naphthoflavone on cardiorespiratory function and metabolism in adult zebrafish 
(Danio rerio). Fish. Physiol. Biochem. 41, 289-298. 
Baumann, P.C., and Gillespie, R.B., (1986). Selenium bioaccumulation in gonads of 
largemouth bass and bluegill from three power plant cooling reservoirs. Environ. 
Toxicol. Sci. 5, 695-701. 
Gladyshev, V.N., (2012). Selenoproteins and selenoproteomes. In Selenium (D.L. 
Hatfield, M.J. Berry, and V.N. Gladyshev, Eds.), pp. 109-123. 
Goertzen, M.M., Driessnack, M.K., Janz, D.M., and Weber, L.P., (2011). Swimming 
performance and energy homeostasis in juvenile laboratory raised fathead minnow 
(Pimephales promelas) exposed to uranium mill effluent. Comp. Biochem. Physiol. 
C. Toxicol. Pharmacol. 154, 420-426.  
Goertzen, M.M., Hauck, D.W., Phibbs, J., Weber, L.P., and Janz, D.M., (2012). Swim 
performance and energy homeostasis in spottail shiner (Notropis hudsonius) 
collected downstream of a uranium mill. Ecotoxicol. Environ. Saf. 75, 142-150.  
Greenwood, N.N., and Earnshaw, A. (1997). Chemistry of the Elements (2nd ed.). Reed 
Educational and Professional Publishing Ltd 
 124 
Hamilton, S.J., (2004). Review of selenium toxicity in the aquatic food chain. Sci. Total 
Environ. 326, 1-31. 
Hammer, C., (1995). Fatigue and exercise tests with fish. Comp. Biochem. Phys. 112, 1-
20. 
Hao, X., Ling, Q., and Hong, F. (2014). Effects of dietary selenium on the pathological 
changes and oxidative stress in loach (Paramisgurnus dabryanus). Fish Physiol. 
Biochem. 40, 1313-1323. 
Hasegawa, T., Mihara, M., Nakamuro, K., and Sayato, Y., (1996). Mechanisms of 
selenium methylation and toxicity in mice treated with selenocystine. Arch. 
Toxicol. 71, 31-38. 
Heiden, T.C.K., Spitsbergen, J., Heideman, W., and Peterson, R.E., (2009). Persistent 
adverse effects on health and reproduction caused by exposure of zebrafish to 2, 3, 
7, 8-tetrachlorodibenzo-p-dioxin during early development and gonad 
differentiation. Toxicol. Sci. 109, 75-87. 
Hill, A.J., Teraoka, H., Heideman, and Peterson, R.E. (2005). Zebrafish as a model 
vertebrate for investigating chemical toxicity. Toxicol. Sci. 86, 6-19.  
Ho, Y., Shau, Y., Tsai, H., Lin, L., Huang, P., and Hsieh, F. (2002). Assessment of 
zebrafish cardiac performance using Doppler echocardiography and power 
angiography. Ultrasound Med. Biol. 28, 1137-1143. 
Holm, J., Palace, V., Siwik, P., Sterling, G., Evans, R., Baron, C., Werner, J., and 
Wautier, K., (2005). Developmental effects of bioaccumulated selenium in eggs 
and larvae of two salmonid species. Environ. Toxicol. Chem. 249, 2373-2381. 
 125 
Hopkins, W.A., Staub, B.P., Baionno, J.A., Jackson, B.P., Roe, J.H. and Ford, N.B. 
(2004). Trophic and maternal transfer of selenium in brown house snakes 
(Lamprophis fuliginosus). Ecotoxicol. Environ. Saf.. 58, 285-293 
Howe, K., Clark, M.D., Torroja, C.F., Torrance, J., Berthelot, C., Muffato, M., and 
Stemple, D.L. (2013). The zebrafish reference genome sequence and its 
relationship to the human genome. Nature, 496, 498-503. 
Hu, N., Yost, H.J., and Clark, E.B. (2001). Cardiac morphology and blood pressure in 
adult zebrafish. Anatom. Rec. 264, 1-12. 
Immenschuh, S., and Schroder, H. (2006). Heme oxygenase-1 and cardiovascular 
disease. Histol. Histopathol. 21, 679-685. 
Incardona, J.P., Collier, T.K., and Scholz, N.L., (2004). Defects in cardiac function 
precede morphological abnormalities in fish embryos exposed to polycyclic 
aromatic hydrocarbons. Toxicol. Appl. Pharm. 196, 191-205. 
Incardona, J.P., Carls, M.G., Day, H.L., Sloan, C.A., Bolton, J.L., Collier, T.K., and 
Scholz, N.L., (2009). Cardiac arrhythmia is the primary response of embryonic 
Pacific herring (Clupea pallasi) exposed to crude oil during weathering. Environ. 
Sci. Technol. 43, 201-207. 
Incardona, J.P., Linbo, T.L., and Scholz, N.L. (2011). Cardiac toxicity of 5-ring 
polycyclic aromatic hydrocarbons is differentially dependent on the aryl 
hydrocarbon receptor 2 isoform during zebrafish development. Toxicol. Appl. 
Pharmacol. 257, 242-249. 
Janz, D., DeForest, D., Brooks, M., Chapman, P., Gilron, G., Hoff, D., Hopkins, W., 
McIntyre, D., Mebane, C., Palace, V., Skorupa, J., and Wayland, M., (2010). 
 126 
Selenium toxicity to aquatic organisms. In ecological assessment of selenium in the 
aquatic environment (P. Chapman, W. Adams, M. Brooks, C. Delos, S. Luoma, W. 
Maher, H. Ohlendorf, T. Presser, and D. Shaw, Eds.), pp. 141–231. CRC Press, 
Boca Raton, FL. 
Janz, D.M., (2012). Selenium. In fish physiology: Homeostasis and toxicology of 
essential metals. C. M. Wood, A. P. Farrell, and C. J. Brauner, Eds.), pp. 327-374. 
Academic Press, Cambridge, MA. 
Jobling, M., (1995). Development of eggs and larvae. In: Jobling, M., (Eds.), 
Environmental Biology of Fishes, Fish and Fisheries Series. Chapman and Hall, 
London, pp. 357-390. 
Johnston, I.A., and Dunn, J., (1987). Temperature acclimation and metabolism in 
ectotherms with particular reference to teleost fish. Symp. Soc. Exp. Biol. 41, 67-93. 
Keen, A.N., Fenna, A.J., McConnell, J.C., Sherratt, M.J., Gardner, P. and Shiels, H.A. 
(2016). The dynamic nature of hypertrophic and fibrotic remodeling of the fish 
ventricle. Front. Physiol. 6, 427. 
Keen, A.N., Klaiman, J.M., Shiels, H.A., and Gillis, T.E. (2017). Temperature-induced 
cardiac remodeling in fish. J. Exp. Biol. 220, 147-160. 
Kelly, J.M., and Janz, D.M., (2008). Altered energetics and parasitism in juvenile 
northern pike (Esox lucius) inhabiting metal-mining contaminated lakes. 
Ecotoxicol. Environ. Safe. 70, 357- 369.  
Kljai, K., and Runje, R., (2001). Selenium and glycogen levels in diabetic patients. Biol. 
Trace Elem. Res. 3, 223-229. 
 127 
Konradt, J., and Braunbeck, T. (2001). Alterations of selected metabolic enzymes in fish 
following long-term exposure to contaminated streams. J. Aquat. Ecosyst. Stress 
Recovery. 8, 299–318. 
Korajoki, H., and Vornanen, M., (2012). Expression of SERCA and phospholamban in 
rainbow trout (Oncorhynchus mykiss) heart: comparison of atrial and ventricular 
tissue and effects of thermal acclimation. J. Exper. Biol. 215, 1162-1169. 
Koumoundouros, G., Maingot, E., Divanach, P., and Kentouri, M. (2002). Kyphosis in   
reared sea bass (Dicentrarchus labrax L.): ontogeny and effects on mortality. 
Aquaculture. 209, 49-58. 
Labunsky, V.M., Lee, B.C., Handy, D.E., Loscalzo, J., Hatfield, D.L., and Gladyshev, 
V.N., (2011). Both maximal expression of selenoproteins and selenoprotein 
deficiency can promote development of type 2 diabetes-like phenotype in mice. 
Antioxid. Redox Signal. 14, 2327–2336.  
Laclaustra, M., Stranges, S., Navas-Acien, A., Ordovas, J.M., and Guallar, E., (2010). 
Serum selenium and serum lipids in US adults: National Health and Nutrition 
Examination Survey (NHANES) 2003-2004. Atherosclerosis. 210, 643-648. 
Lalli, M.J., Yong, J., Prasad, V., Hashimoto, K., Plank, D., Babu, G.J., Kirkpatrick, D., 
Walsh, R.A., Sussman, M., Yatani, A., Marban, E., and Periasamy, M. (2001). 
Sarcoplasmic reticulum Ca2+ ATPase (SERCA) 1a structurally substitutes for 
SERCA2a in the cardiac sarcoplasmic reticulum and increases cardiac Ca2+ 
handling capacity. Circ. Res. 89, 160-167. 
Landis, W.G., and Yu, M.H. (1995). Introduction to environmental toxicology: impacts 
of chemical upon ecological systems. Florida: Lewis Publishers. 
 128 
Langheinrich, U., Vacun, G., and Wagner, T., (2003). Zebrafish embryos express an 
orthologue of HERG and are sensitive toward a range of QT-prolonging drugs 
inducing severe arrhythmia. Tox. App. Pharm. 193, 370-382. 
Lemly, D., (1993). Metabolic stress during winter increases the toxicity of selenium to 
fish. Aq. Toxicol. 27, 133-158. 
Lemly, A.D., (1997). A teratogenic deformity index for evaluating impacts of selenium 
on fish populations. Ecotoxicol. Environ. Saf. 37, 259–266. 
Lemly, A.D., (2002). Symptoms and implications of selenium toxicity in fish: the Belews 
Lake case example. Aquat. Toxicol. 57, 39-49.  
Lemly, A.D., (2004). Aquatic selenium pollution is a global environmental safety issue. 
Ecotoxicol. Environ. Saf. 59, 44-56.   
Levesque, H.M., Moon, T.W., Campbell, P.G.C., and Hontela, A. (2002). Seasonal 
variation in carbohydrate and lipid metabolism of yellow perch (Perca flavescens) 
chronically exposed to metals in the field. Aquat. Toxicol. 60, 257–267.  
Linville, R.G., (2006). Effects of excess selenium on the health and reproduction of white 
sturgeon (Acipenser transmontanus): implications for San Francisco Bay-Delta. 
Doctoral dissertation, University of California, Davis, CA, 1-248. 
Liu, P., Sun, M., and Sader, S., (2006). Matrix metalloproteinases in cardiovascular 
disease. Can. J. Cardiol. 22, 25B-30B.  
Liu, Y., Zhao, H., Zhang, Q., Tang, J., Li, K., Xia, X.J., Wang, K.N., Li, K., and Lei, 
X.G., (2012). Prolonged dietary selenium deficiency or excess does not globally 
affect selenoprotein gene expression and/or protein production in various tissues of 
pigs. J. Nutr. 142,1410–1416.  
 129 
Lobanov, A.V., Hatfield, D.L., and Gladyshev, V.N. (2009). Eukaryotic selenoproteins 
and selenoproteomes. Biochimic. Biophys. Acta. 1790, 1424-1428. 
Lu, S.C., (2000). S-adenosylmethionine. Int. J. Biochem. Cell Biol. 32, 391-395. 
Luoma, S.N., and Presser, T.S., (2009). Emerging opportunities in management of 
selenium contamination. Environ. Sci. Technol. 48, 8483-8487. 
Ma, Y., Wu, M., Li, D., Li, X., Li, Y., Zhao, J., Luo, M., Guo, C., Gao, X., Lu, C., and 
Ma, X., (2012). Embryonic developmental toxicity of selenite in zebrafish (Danio 
rerio) and prevention with folic acid. Food Chem. Toxicol. 50, 2854-2863. 
MacKinnon, D.L., and Farrell, A.P., (1992). The effect of 2-(thiocyanomethylthio) 
benzothiazole on juvenile coho salmon (Oncorhynchus kisutch): sublethal toxicity 
testing. Environ. Toxicol. Chem. 11, 1541-1548.  
Maher, W., Roach, A., Doblin, M., Fan, T., Foster, S., Garrett, R., Möller, G., Oram, L., 
and Wallschläger, D., (2010). Environmental sources, speciation, and partitioning 
of selenium. In: Ecological assessment of selenium in the aquatic environment (P. 
Chapman, W. Adams, M. Brooks, C. Delos, S. Luoma, W. Maher, H. Ohlendorf, T. 
Presser, and D. Shaw, Eds.) pp. 47-92.  CRC Press, Boca Rotan, FL.  
Maier, K.J., and Knight, A.W. (1994). Ecotoxicology of selenium in freshwater systems. 
Rev. Environ. Contam. Toxicol. 134, 31–48.  
Martínez, J., Lisa, S., Sánchez, R., Kowalczyk, W., Zurita, E., Teixidó, M., Giralt, E., 
Andreu, D., Avila, J., and Gasset, M. (2011). Selenomethionine incorporation into 
amyloid sequences regulates fibrillogenesis and toxicity. PloS one, 6, e27999 
Mato, J.M., Corrales, F.J., Lu, S.C., and Avila, M.A., (2002). S-adenosylmethionine: a 
control switch that regulates liver function. FASEB J. 16, 15-26.  
 130 
Mato, J.M., Martínez-Chantar, L., and Lu, S.C., (2008). Methionine metabolism and liver 
disease. Annu. Rev. Nutr. 28, 273-293. 
McClung, J.P., Roneker, C.A., Mu,W., Lisk, D.J., Langlais, P., Liu, F., and Lei, X.G., 
(2004). Development of insulin resistance and obesity in mice overexpressing 
cellular glutathione peroxidase. Proc. Natl. Acad. Sci. 101, 8852–8857. 
McKenzie, D.J., Garofalo, E., Winter, M.J., Ceradini, S., Verweij, F., Day, N., Hayes, R., 
van der Oost, R., Butler, P.J., Chipman, J.K., and Taylor, E.W., (2007). Complex 
physiological traits as biomarkers of the sub-lethal toxicological effects of pollutant 
exposure in fishes. Phil. Trans. R. Soc. Biol. Sci, Discipline. 362, 2043-2059.  
McGeer, J.C., Szebedinszky, C., McDonald, D.G., and Wood, C.M., (2000). Effects of 
chronic sublethal exposure to waterborne Cu, Cd or Zn in rainbow trout. 1: iono-
regulatory disturbance and metabolic costs. Aquat. Toxicol. 50, 231-243. 
McPhee, D.L., and Janz, D.M., (2014). Dietary selenomethionine exposure alters 
swimming performance, metabolic capacity and energy homeostasis in juvenile 
fathead minnow. Aquat. Toxicol. 155, 91-100.   
Mercier, J.C., DiSessa, T.G., Jarmakani, J.M., Nakanishi, T., Hiraishi, S., Isabel-Jones, J., 
and Friedman, W.F., (1982). Two-dimensional echocardiographic assessment of 
left ventricular volumes and ejection fraction in children. Circ. 65, 962-969. 
Milan, D.J., Jones, I.L., Ellinor, P.T., and MacRae, C.A., (2006). In vivo recording of 
adult zebrafish electrocardiogram and assessment of drug-induced QT 
prolongation. Am. J. Physiol. - Heart Circ. Physiol. 291, 269–273. 
 131 
Misra, S., and Niyogi, S. (2009). Selenite causes cytotoxicity in rainbow trout 
(Oncorhynchus mykiss) hepactocytes by inducing oxidative stress. Toxicol. In 
Vitro. 23, 1249-1258. 
Mommsen, T.P., Vijayan, M.M., and Moon, T.W., (1999). Cortisol in teleosts: dynamics, 
mechanisms of action, and metabolic regulation. Rev. Fish Biol. Fish. 9, 211-268. 
Moore, S.B., Winckel, J., Detwiler, S.J., Klasing, S.A., Gaul, P.A., Kanim, N.R., Kesser, 
B.E., DeBevec, A.B., Beardsley, K., and Puckett, L.K., (1990). Fish and wildlife 
resources and agricultural drainage in the San Joaquin Valley, California, Volume I 
and II, San Joaquin Valley Drainage Program, Sacramento, CA.  
Moyes, C.D., and West, T.G., (1995). Exercise metabolism of fish. Biochem. Molec. Biol. 
Fish. 367–392. 
Mueller, A.S., Klomann, S.D., Wolf, N.M., Schneider, S., Schmidt, R., Spielmann, J., 
Stangl, G., Eder, K., and Pallauf, J., (2008). Redox regulation of protein tyrosine 
phosphatase1 B by manipulation of dietary selenium affects the triglyceride 
concentration in rat liver. J. Nutr. 138, 2328–2336. 
Mueller, A.S., Bosse, A.C., Most, E., Klomann, S.D., Schneider, S., and Pallauf, J., 
(2009). Regulation of the insulin antagonistic protein tyrosine phosphatase 1B by 
dietary Se studied in growing rats. J. Nutr. Biochem. 20, 235–247. 
Musaro, A., Fulle, S., and Fano, G., 2010. Oxidative stress and muscle homeostasis. 
Current Opinion in Clinical Nutrition and Metabolic Care 13, 236-242. 
Muscatello, J.R., Bennett, P.M., Himbeault, K.T., Belknap, A.M., and Janz, D.M., 
(2006). Larval deformities associated with selenium accumulation in northern pike 
 132 
(Esox lucius) exposed to metal mining effluent. Environ. Sci. Technol. 40, 6506–
6512. 
Muscatello, J.R., and Janz, D.M., (2009). Selenium accumulation in aquatic biota 
downstream of a uranium mining and milling operation. Sci. Total Environ. 407, 
1318–1325. 
Nair, N., Gerger, C., Hatef, A., Weber, L.P., Unniappan, S., (2016). Ultrasonography 
reveals in vivo dose-dependent inhibition of end systolic and diastolic volumes, 
heart rate and cardiac output by nesfatin-1 in zebrafish, Gen. Comp. Endocrinol. 
234, 142-150. 
Niemirska, A., Litwin, M., Trojanek, J., Gackowska, L., Kubiszewska, I., Wierzbicka, A., 
Kulaga, Z., and Michalkiewicz, J. (2016). Altered matrix metalloproteinase 9 and 
tissue inhibitor metalloproteinases 1 levels in children with primary hypertension. 
J. Hypertens. 34, 1815-1822. 
Nilsson, E., Jansson, P.A., Perfilyev, A., Volkov, P., Pedersen, M., Svensson, M.K., 
Poulsen, P., Ribel-Madsen, R., Pedersen, N.L., and Almgren, P., (2014). Altered 
DNA methylation and differential expression of genes influencing metabolism and 
inflammation in adipose tissue from subjects with type 2 diabetes. Diabetes. 63, 
2962-2976. 
Nimmo, I. A., (1987). The glutathione S-transferase of fish. Fish Physiol. Biochem. 3, 
163-172. 
Nriagu, J. O. (1989). Global cycling of selenium. Occurrence and Distribution of 
Selenium (M. Inhat, ed.), CRC Press, Boca Raton, FL pp. 327–339. 
 133 
Ohlendorf, H.M., Covington, S.M., Byron, E.R. and Arenal, C.A. (2011). Conducting 
site-specific assessments of selenium bioaccumulation in aquatic systems. Integr. 
Enviro. Assess. Manage. 7, 314-324. 
Olson, K.R., and Farrell, A.P., (2006). The cardiovascular system. In: The physiology of 
fishes (D.L. Mann, D. P. Zipes, and P. Libby, 3rd eds), pp. 119-152. CRC Press, 
Boca Raton, FL. 
Orr, P.L., Guiguer, K.R., and Russel, C.K. (2006). Food chain transfer of selenium in 
lentic and lotic habitats of a western Canadian watershed. Ecotoxicol. Environ. Saf. 
63,175-188. 
Palace, V.P., Spallholz, J.E., Holm, J., Wautier, K., Evans, R.E., and Baron, C.L., (2004). 
Metabolism of selenomethionine by rainbow trout (Oncorhynchus mykiss) embryos 
can generate oxidative stress. Ecotoxicol. Environ. Saf. 58, 17–21. 
Papp, L.V., Lu, J., Holmgren, A. and Khanna, K.K., (2007). From selenium to 
selenoproteins: synthesis, identity, and their role in human health. Antioxid. Redox. 
Signal. 9, 776-796. 
Park, K., Rimm, E.B., Siscovick, D.S., Spiegelman, D., Manson, J.E., Morris, J.S., Hu, 
F.B., and Mozaffarian, D., (2012). Toenail selenium and incidence of type 2 
diabetes in U.S. men and women. Diabetes Care. 35, 1544-1551. 
Pettem, C.M., Weber, L.P., and Janz, D.J., (2017). Cardiac and metabolic effects of 
dietary selenomethionine exposure in adult zebrafish. Tox. Sci. 159, 449-460. 
Pirie, A., (1965). Glutathione peroxidase in lens and a source of hydrogen peroxide in 
aqueous humour. Biochem. J. 96, 244-253. 
 134 
Phibbs, J., Wiramanaden, C.I.E., Hauck, D., Pickering, I.J., Liber, K., and Janz, D.M., 
(2011). Selenium uptake and speciation in wild and caged fish downstream of a 
metal mining and milling discharge. Ecotoxicol. Environ. Saf. 74, 1139–1150.  
Presser, T. S., Piper, D. Z., Bird, K. J., Skorupa, J. P., Hamilton, S. J., Detwiler, S. J., and 
Huebner. (1994). The Kesterson Effect. Environ. Manage. 18, 437-455. 
Presser, T.S., Piper, D.Z., Bird, K.J., Skorupa, J.P., Hamilton, S.J., Detwiler, S.J., and 
Huebner, M.A., (2004). The phosphoria formation: a model for forecasting global 
selenium sources to the environment. In: Hein, J.R., (Eds.), Life cycle of the 
phosphoria formation: from deposition to post-mining environment. Elsevier, New 
York, NY, 299-319.  
Raine, J.C., Lallemand, L., Pettem, C.M., and Janz, D.M., (2016). Effects of chronic 
dietary selenomethionine exposure on the visual system of adult and F1 generation 
zebrafish (Danio rerio). B. Environ. Contam. Tox. 97, 331-336. 
Rajotte, J.W., and Couture, P., (2002). Effects of environmental metal contamination on 
the condition, swimming performance, and tissue metabolic capacities of wild 
yellow perch (Perca flavescens). Can. J. Fish. Aquat. Sci. 59, 1296-1304. 
Raleigh, R.F., Hickman, T., Solomon, R.C., and Nelson, P.C., (1984). Habitat suitability 
information : Rainbow trout. U.S. Fish Wildl. Serv. FWS/OBS-82/10. 60-64. 
Rand, G.M. (1995). Fundamentals of aquatic toxicology: Effects, environmental fate, and 
risk assessment 2nd Edition. CRC Press, United States of America. 
Rasekh, H.R., Potmis, R.A., Nonavinakere, V.K., Early, J.L., and Iszard, M.B., (1991). 
Effect of selenium on plasma glucose of rats: role of insulin and glucocorticoids. 
Toxicol.Lett. 58, 199–207.  
 135 
Rocnik, E.F., van der Veer, E., Cao, H., Hegele, R.A., and Pickering, J.G. (2002). 
Functional linkage between the endoplasmic reticulum protein Hsp47 and 
procollagen expression in human vascular smooth muscle cells.  J. Biol. Chem. 41, 
38571-38578.  
Russo, I., and Frangogiannis, N.G., (2016). Diabetes-associated cardiac fibrosis: Cellular 
effectors, molecular mechanisms and therapeutic opportunities. J. Mol. Cell. 
Cardiol. 90, 84-93.  
Sallee, J.L., Wittchen, E.S., and Burridge, K., (2006). Regulation of cell adhesion by 
protein-tyrosine phosphatases II. Cell-cell adhesion. J. Biol. Chem. 281, 16189-
16192. 
Sanchez-Quintana, D., Garcia-Martinez, V., Climent, V., and Hurle, J.M. (1995). 
Morphological analysis of the fish heart ventricle: Myocardial and connective 
tissue architecture in teleost species. Ann. Anat. 177, 267-274. 
Sanguinetti, M.C., and Tristani-Firouzi, M., (2006). hERG potassium channels and 
cardiac arrhythmia. Nature. 440, 463-469. 
Schlenk, D., Zubcov, N., and Zubcov, E. (2003). Effects of salinity on the uptake, 
biotransformation, and toxicity of dietary seleno-L-methionine to rainbow trout. 
Toxicol. Sci. 75, 309-313 
Schrauzer, G.N. (2000). Selenomethionine: A review of its nutritional significance, 
metabolism and toxicity. J. Nutr. 130, 1653-1656. 
Schwarz, K., and Foltz, C.M., (1957). Selenium as an integral part of factor 3 against 
dietary necrotic liver degeneration. J. Am. Chem. Soc. 79, 3292-3293. 
 136 
Scott, G.R., and Sloman, K.A., (2004). The effects of environmental pollutants on 
complex fish behaviour: integrating behavioural and physiological indicators of 
toxicity. Aquat. Toxicol. 68, 369–392. 
Scott, K.D., Fåhræus-Van Ree, G.E., and Parrish, C.C., (2002). Sex differences in hepatic 
 lipids of toxaphene-exposed juvenile yellowtail flounder (Pleuronectes 
 ferrugineus Storer). Ecotoxicol. Environ. Saf. 51, 168–176. 
Seliktar, D., Nerem, R.M., and Galis, Z.S., (2001). The role of matrix metalloproteinase-2 
in the remodeling of cell-seeded vascular constructs subjected to cyclic strain. Ann. 
Biomed. Eng. 29, 923-934. 
Shearer, T. R., and Anderson, R.S., (1983). Early development of selenium-induced 
cataract. Exp. Eye Res. 36, 781-788. 
Simon, P., (2003). Q-Gene: processing quantitative real-time RT-PCR data. 
Bioinfromatics. 19, 1439-1440. 
Skorupa, J.P., (1998). Selenium poisoning of fish and wildlife in nature: Lessons from 
twelve real-world examples in W. Frankenberger and R.A.Engberg, eds., 
Environmental Chemistry of Selenium, Marcel Dekker Inc., New York., p. 315-
354. 
Spallholz, J.E., (1994). On the nature of selenium toxicity and carcinostatic activity. Free 
Radic. Biol. Med. 17, 45–64.  
Spallholz, J.E., Shriver, B.J., and Reid, T.W. (2001). Dimethyldiselenide and 
methylseleninic acid generate seperoxide in an in vitro chemiluminescence assay in 
the presence of glutathione: implications for the anticarcinogenic activity of L-
selenomethionine and L-Se-Methylselenocysteine. Nutr. Cancer. 40, 34-31. 
 137 
Spallholz, J.E., Palace, V.P., and Reid, T.W., (2004). Methioninase and selenomethionine 
but not Se-methylselenocysteine generate methylselenol and superoxide in an in 
vitro chemiluminescent assay: implications for the nutritional carcinostatic activity 
of selenoamino acids. Biochem. Pharmacol. 67, 547–554.  
Spence, R., Gerlach, G., Lawrence, C., and Smith, C., (2007). The behaviour and ecology 
of the zebrafish, Danio rerio. Biol. Rev. 83,13–34. 
Spinale, F.G., (2002). Matrix metalloproteinases: Regulation and dysregulation in the 
failing heart. J. Am. Heart Assoc. 90, 520-530. 
Steinbrenner, H., (2013). Interference of selenium and selenoproteins with insulin-
regulated carbohydrate and lipid metabolism. Free Rad. Biol. Med. 65, 1538-1547. 
Stranges, S., Marshall, J.R., Natarajan, R., Donahue, R.P., Trevisan, M., Combs, G.F., 
Cappuccio, F.P., Ceriello, A., and Reid, M.E., (2007). Effects of long-term 
selenium supplementation on the incidence of type 2 diabetes: a randomized trial. 
Ann. Intern. Med. 147, 217-223. 
Stranges, S., Sieri, S., Vincetti, M., Grioni, S., Guallar, E., Laclaustra, M., Muti, P., 
Berrino, F., and Krogh, V., (2010). A prospective study of dietary selenium intake 
and risk of type 2 diabetes. BMC Public Health. 10, 564.  
Stranges, S., Galletti, F., Farinaro, E., D’elia, L., Russo, O., Iacone, R., Capasso, C., 
Carginale, V., De Luca, V., Della Valle, E., Cappuccio, F.P., and Strazzullo, P., 
(2011). Associations of selenium status with cardiometabolic risk factors: An 8-
year follow-up analysis of the Olivetti Heart Study. Atheroscelorosis. 217, 274-278. 
 138 
Sun, L., Lien, C., Xu, X., and Shung, K.K., (2008). In vivo cardiac imaging of adult 
zebrafish using high frequency ultrasound (45-75 MHz). Ultrasound Med. Biol. 34, 
31-39. 
Sunde, R.A., (1984). The biochemistry of selenoproteins. J.Am. Oil Chem. Soc. 61, 
1891–1900.  
Suzuki, K. T., and Ogra, Y., (2002). Metabolic pathway for selenium in the body: 
speciation by HPLC-ICP MS with enriched Se. Food Addit. Contam. 19, 974–983. 
Tashjian, D.H., Teh, S.J., Sogomonyan, A., and Hung, S.S.O., (2006). Bioaccumulation 
and chronic toxicity of dietary l-selenomethionine in juvenile white sturgeon 
(Acipenser transmontanus). Aquat.Toxicol. 79, 401–409.  
Tashjian D, Cech, J., and Hung, S.S.O., (2007) Influence of dietary l-selenomethionine 
exposure on the survival and osmoregulatory capacity of white sturgeon in fresh 
and brackish water. Fish Physiol. Biochem. 33, 109–119. 
Teh, S.J., Deng, X., Deng, D.F., Teh, F.C., Hung, S.S.O., Fan, T.W.M., Liu, J., and 
Higashi, R.M., (2004). Chronic effects of dietary selenium on juvenile Sacramento 
splittail (Pogonichthys macrolepidotus). Environ. Sci. Technol. 38, 6085-6093. 
Thiebaut, P.A., Besnier, M., Gomez, E., and Richard, V. (2016). Role of protein tyrosine 
phosphatase 1B in cardiovascular diseases. J. Mol. Cell. Cardiol. 101, 50-57. 
Thomas, J.K., and Janz, D.M., (2011). Dietary selenomethionine exposure in adult 
zebrafish alters swimming performance, energetics and the physiological stress 
response. Aquat. Toxicol. 102, 79–86.  
Thomas, J.K., Wiseman, S., Giesy, J.P., and Janz, D.M., (2013). Effects of chronic 
dietary selenomethionine exposure on repeat swimming performance, aerobic 
 139 
metabolism and methionine catabolism in adult zebrafish (Danio rerio). Aquat. 
Toxicol. 130-131, 112–122.  
Thomas, J.K., and Janz, D.M., (2015) Developmental and persistent toxicities of 
maternally deposited selenoemethionine in zebrafish (Danio rerio). Environ. Sci. 
Technol. 16, 10182-10189. 
Thorgaard, G.H., Bailey, G.S., Williams, D., Buhler, D.R., Kaattari, S.L., Ristow, S.S., 
Hansen, J.D., Winton, J.R., Bartholomew, J.L., Nagler, J.J., Walsh, P.J., Vijayan, 
M.M., Devlin, R.H., Hardy, R.W., Overturf, K.E., Young, W.P., Robison, B.D., 
Rexroad III, C., Palti, Y. (2002). Status and opportunities for genomics research 
with rainbow trout. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 133, 609-646. 
Timp, W., and Feinberg, A.P., (2013). Cancer as a dysregulated epigenome allowing 
cellular growth advantage at the expense of the host. Nat. Rev. Cancer. 13, 497-
510. 
Tkachenko, H., Kurhaluk, N., and Grudniewska, J., (2013). Biomarkers of oxidative 
stress and antioxidant defences as indicators of different disinfectants exposure in 
the heart of rainbow trout (Oncorhynchus mykiss walbaum). Aquat. Research. 46, 
679-689. 
Tocher, D.R., (2003). Metabolism and functions of lipids and fatty acids in teleost fish. 
Rev. Fish. Sci. 11, 107-184. 
Tsutsui, H., Kinugawa, S., and Matsushima, S., (2011). Oxidative stress and heart failure. 
Am. J. Physiol. Heart Circ. Physiol. 6, H2181-2190. 
 140 
USEPA, (2016). Aquatic life ambient water quality criterion for selenium – freshwater 
2016. United States Environmental Protection Agency, Office of Water, 
Washington, D.C. EPA 822-R-16-006. 
Uthus, E.O., Ross, S.A., and Davis, C.D., (2006). Differential effects of dietary selenium 
(se) and folate on methyl metabolism in liver and colon of rats. Biol. Trace Elem. 
Res. 109, 201-214.  
Vandenberg, J.I., (2010). Oxidative stress fine-tunes the dance of hERF K+ channels. J. 
Physiol. 588.16, 2975. 
Vidal, D., Bay, S.M., and Schlenk, D., (2005). Effects of dietary selenomethionine on 
larval rainbow trout (Oncorhynchus mykiss). Arch. Environ. Contam. Toxicol. 49, 
71–75.  
VisualSonics, (2008). VisualSonics Workbook: Guide to Micro-Echocardiography Study 
using the Vevo 770, Rev.1.0, VisualSonics Inc., Markham, ON. 
Visualsonics, (2015). VisualSonics workbook: guide to microechocardiography study 
using the Vevo 2100, Rev.1.0. VisualSonics Inc., Markham, ON. 
Vogt, A., Cholewinski, A., Shen, X., Nelson, S., Lazo, J. S., Tsang, M., and Hukriede, N. 
A., (2009). Automated image-based phenotypic analysis in zebrafish embryos. Dev. 
Dyn. 238, 656–663.  
Wang, X.D., Vatamaniuk, M.Z., Wang, S.K., Roneker, C.A., Simmons, R.A., and Lei, 
X.G., (2008). Molecular mechanisms for hyperinsulinaemia induced by 
overproduction of selenium dependent glutathione peroxidase-1 in mice. 
Diabetologia 51, 1515–1524. 
 141 
Wang, X., Zhang, W., Chen, H., Liao, N., Wang, Z., Zhang, X., and Hai, C., (2014). High 
selenium impairs hepatic insulin sensitivity through opposite regulation of ROS. 
Toxicol. Lett. 224, 16-23. 
Webb, P.W., (1971). The swimming energetics of trout. II. Oxygen consumption and 
swimming efficiency. J. Exp. Biol. 55, 521–540.  
Weber, L.P., Higgins, P.S., Carlson, R.I., and Janz, D.M., (2003). Development and 
validation of methods for measuring multiple biochemical indices of condition in 
juvenile fishes. J. Fish. Biol. 63, 637–658. 
Weber, L.P., Dubẻ, M.G., Rickwood, C.J., Driedger, K.L., Portt, C., Breton, C., and Janz, 
D.M., (2008). Effects of multiple effluents on resident fish from Junction Creek, 
Sudbury, Ontario. Ecotox. Env. Saf. 70, 433-455.  
Westerfield, M. (1995). The Zebrafish book; a guide for the laboratory use of zebrafish 
(Danio rerio). 3rd Ed. University of Oregon press, Eugene, OR, pp. 1-385. 
Weinstein, B.M., and Fishman, M., (1996). Cardiovascular morphogenesis in zebrafish. 
Cardiovasc. Res. 31, E17-E24. 
Whayne, T.F., (2014). Epigenetics in the development, modification, and prevention of 
cardiovascular disease. Mol. Biol. Rep. 42, 765-776. 
Wiseman, S., Thomas, J.K., Higley, E., Hursky, O., Pietrock, M., Raine, J.C., Giesy, J.P., 
Janz, D.M., and Hecker, M., (2011a). Chronic exposure to dietary 
selenomethionine increases gonadal steroidogenesis in female rainbow trout. Aquat. 
Toxicol. 105, 218–226. 
Wiseman, S., Thomas, J.K., McPhee, L., Hursky, O., Raine, J.C., Pietrock, M., Giesy, 
J.P., Hecker, M., and Janz, D.M. (2011b). Attenuation of the cortisol response to 
 142 
stress in female rainbow trout chronically exposed to dietary selenomethionine. 
Aquat. Toxicol. 105, 643–651.  
Xia, R., Ganther, H.E., Egge, A., and Abramson, J.J., (2004). Selenium compounds 
modulate the calcium release channel/ryanodine receptor of rabbit skeletal muscle 
by oxidizing functional thiols. Biochem. Pharmacol. 67, 2071-2079.  
Xu, X.M., Turanov, A.A., Carlson, B.A., Yoo, M.H., Gladyshev, V.N., and Hatfield, 
D.L. (2012). Selenocysteine biosynthesis and the replacement of selenocysteine 
with cysteine in the pathway. In: Hatfield, D.L., Berry, M.J., Gladyshev, V.N., 
(Eds.), Selenium. Springer New York, NY, pp. 23-31  
Zeng, H., Yan, L., Cheng, W.H., and Uthus, E.O., (2011). Dietary selenomethionine 
increases exon-specific DNA methylation of the p53 gene in rat liver and colon 
mucosa. J. Nutr. 141, 1464-1468. 
Zhang, Y., Xiao, J., Wang, H., Luo, X., Wang, J., Villeneuve, L.R., Zhang, H., Bai, Y., 
Yang, B., and Wang, Z., (2006). Restoring depressed HERG K+ channel function 
as a mechanism for insulin treatment of abnormal QT prolongation and associated 
arrhythmias in diabetic rabbits. Am. J. Physiol. Heart. Circ. Physiol. 291, H1446-
H1455. 
